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Abstract  An in uitro study of the permeabilities of frozen and re- 
constituted cattle skin and human skin to levamisole was done. Cattle 
skin was 400 times more permeable to levamisole from an organic solvent 
(largely 2-ethoxyethanol) than was human skin. The diffusion coefficient 
value of levamisole in cattle skin and the partition coefficient value of 
levamisole from the organic solvent into the skin suggested that a rela- 
tively large amount of drug passed through skin appendages such as hair 
follicles or sweathebaceous ducts. Transcellular transport across the 
stratum corneum was rate-determining in human skin penetration. 


Keyphrases 0 Permeability-frozen and reconstituted cattle and 
human skin i n  uitro, levamisole Levamisole-in uitro permeability 
through frozen and reconstituted cattle and human skin 0 Dosage forms, 
topical-levamisole, in uitro permeability through frozen and reconsti- 
tuted cattle and human skin 


The use of topical dosage forms for the systemic delivery 
of drugs to domestic animals was foreshadowed by Rogoff 
and Kohler (1) when they showed that cattle grubs could 
be controlled by applying a small volume of a concentrated 
crufomate solution to a cow's skin. Such dosage forms, 
which are known as pour-ons or spot-ons, have subse- 
quently been proposed for the systemic delivery of a va- 
riety of drugs to sheep and cattle (2-6). 


The present report concerns the rate and mechanism by 
which the anthelmintic levamisole is transported across 
samples of excised cattle skin that were frozen and re- 
constituted. 


The work was undertaken as part of a program to de- 
velop an in uitro screen for pour-on formulations. The 
development of topical drug delivery systems for humans 
has been greatly facilitated by the use of in uitro screens 
which are based on the realization that strong qualitative 
agreement exists between the rate at  which drugs pene- 
trate excised human skin in in uitro experiments and in 
uivo penetration (7). In addition, it was established (8) that 
it does not matter whether the skin used in the in uitro 
experiments is fresh or frozen or whether stratum cor- 
neum, epidermis, or whole skin is used. 


EXPERIMENTAL 


Preparation of Cattle Skins-Skin was harvested in mid-March (i.e., 
early fall in Australia) from an 8-month old Hereford calf. As soon as the 
animal had been sacrificed its hair was clipped' as close as possible to the 
skin without damaging it. Strips of skin were removed from the dorsal 
thoraco-lumbar region using a dermatome2 set a t  1.1 mm. The strips of 
skin were immediately labeled, wrapped, and placed on ice. Within 3 hr 
the skins were placed in a freezer a t  - 3 O O  until required for an experi- 
ment. The permeability of skin handled in this way did not change ap- 
preciably after a t  least 12 months storage. 


Before starting a skin permeability experiment, a sample was thawed 
a t  room temperature in a sealed jar containing paper that was soaked in 
normal saline. This procedure was adopted to minimize skin dehydra- 
t ion. 


Andis R 400 or Oster A5 Clippers. 
Brown Electro Dermatome, Model 902. 


Preparat ion of Human Skin-Skin, and its accompanying subcu- 
taneous fat, was obtained from the upper thigh of humans following leg 
amputations or from breasts following cosmetic surgery. The skin was 
frozen, stored, and thawed in the manner described for cattle skin. When 
the human skin had thawed, the subcutaneous fat and the lower section 
of the dermis were removed with a scalpel. 


Materials-Levamisole", mp 61°, was used without further purifi- 
cation. the solvents used in the levamisole formulations were an aqueous 
borate solution (pH 8.9 buffer) and an organic solvent (solvent A) con- 
taining nonaromatic hydrocarbons (15%), polyoxypropylene 15-stearyl 
ether (12%), and ethoxyethanol(73%). The receptor phase was normal 
saline. 
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Figure 1-The quantity of levamisole penetrating 1.45 3 cm2 of cattle 
skin from a 10% solution in  soluent A versus t ime using a constant 
stirring rate throughout (A), a constant stirring rate for 245 min and 
then half the rate (a), and a constant stirring rate for 245 min and then  
no stirring except for 4 min prior to taking a reading (0). 
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Table I-Permeability of Cattle Skin to Levamisole from a 10% 
Solution in Solvent A 


Table 11-Permeability of Human Skin to Levamisole from a 
0.85% Solution in an Aaueous Buffer at DH 8.9 


10 X ra ,  lo6 X kPb, L', lo-* X Q2md, 
Donor cm c m h i n  min M 


105 x 
Lc, D d ,  l o x  
min cm'hin P C '  


118 4.0 1.8 


10-2 x 
Q200', 


Pg 


5.1 


106x 10fiX 
10 X ra ,  k P b ,  k ,  r, 


cm cm/min cm'/min 


1.69 (0.10) 42 7.1 
6 1.28 f 0.04 131 83 2.2 
6 1.23 f 0.06 145 84 2.4 
6 0.98 f 0.19 117 98 1.7 
9 1.09 f 0.18 161 75 1.7 
9 0.99 f 0.08 135 98 2.0 
8 0.91 f 0.05 101 107 1.3 
8 0.81 f 0.01 118 150 0.9 


1.31 (0.03) 94 12.3 
1.24 (0.05) 93 12.5 
1.23 (0.05) 110 13.5 


104 2.8 4.4 
96 2.7 4.3 
99 2.5 5.4 


12.8 
13.9 
16.1 


1.15 (0.09) 113 13.0 
1.14 (0.08) 120 13.7 


100 2.2 5.9 
80 2.7 5.1 


16.1 
20.1 


1.09 (0.03) i64 17.9 
1.08 (0.02) 141 15.2 
1.04 (0.05) 165 17.2 


76 2.6 6.9 
63 3.1 4.9 
79 2.3 7.5 


29.7 
27.1 
28.9 
23.2 


0 r = skin thickness. k - permeability constant. L = lag time. d QzW = 
quantity rrossing 1.453 cmfin-200 min. 


Studies of the penetration of levamisole from its 10% solution in solvent 
A indicated that steady-state penetration was achieved by 100 min in all 
cases and was maintained for a t  least 5-6 hr. Table I shows the perme- 
ability constants, lag times, and quantity of levamisole which had pene- 
trated in 200 min through samples of cattle skin 0.65-1.69 mm thick. 


There was a strong negative correlation between skin thickness and 
permeability constant (y = -0.95; 0.01% > P )  and a positive correlation 
between skin thickness and lag time (y = +0.90; 0.01% > P) .  Further- 
more, the product of permeability constant and total skin thickness (k,r) 
was essentially constant for skins whose thickness varied from 0.65-1.1 
mm. 


These results suggest that the outer 1 mm or so of skin acts like a ho- 
mogeneous barrier to levamisole penetration. For diffusion of molecules 
through a homogeneous barrier, the values of k ,  and L are related to the 
skin thickness, r, in the following manner (11): 


1.01 (0.03) 144 14.5 90 1.9 7.6 
0.98 (0.05) 164 16.1 
0.95 (0.04) 187 17.8 68 2.2 8.1 
0.87 (0.02) 177 15.4 43 2.9 5.3 


62 2.0 8.1 


72 2.2 7.3 30.2 
35.3 
41.4 
38.3 
43.7 
41.8 
72.1 


0.86 (0.06) 187 16.1 
0.86 (0.03) 219 18.8 
0.80 (0.03) 206 16.5 
0.65 (0.03) 286 18.6 


65 1.9 9.9 
58 1.8 9.2 
30 2.3 8.1 


a r = skin thickness and number in parentheses is the spread, k, ,= permeability 
constant; L = lag time; d D  = diffusion coefficient: ' P C  = partition coefficient; 
/ &x) = quantity crossing 1.453 cm2 in 200 min. 


Measurement of Skin Permeability and Calculation of Perme- 
ability Constants-The method used for measuring skin permeability 
and the chemical assay of levamisole have been described previously (9). 
Skin thickness was measured a t  the conclusion of an experiment with a 
tension micrometer. These measuresments were made a t  the end of an 
experiment rather than a t  the beginning to avoid causing mechanical 
damage to the skin prior to making permeability measurements. The 
average of five readings taken over the entire surface was recorded. 


The permeability constant, k ,  ( c m h i n ) ,  was calculated using: 


(Eq. 2) 


(Eq. 3) 
s x v  


k, = ___ 
1.453 X C (Eq. 1) where D (cm*/min) is the diffusion coefficient of the diffusing molecule 


in the barrier, and PC is the partition coefficeint for the diffusing sub- 
stance between the barrier and the solvent. 


Under conditions where Eqs. 2 and 3 apply, values of the terms k,r [= 
D ( P C ) ]  and r2/6L ( = D )  should be constant. Values of these terms are 
included in Table I. 


While values of k,r and r2/6L do vary with r when i t  is changed from 
1.69 to 0.8 mm, it appears that these terms are essentially constant for 
skin specimens <1.1 mm thick. This suggests that the portion of the skin 
from the surface of the stratum corneurn down to a depth of -1 mm can 
he considered to be a homogeneous barrier when considering levamisole 
penetration. The mean value of the term r2/6L throughout this thickness 
range, 2.1 X cm2/min, is the apparent diffusion coefficient of le- 
vamisole in the homogeneous barrier. 


The mean value of the term k,r [ D ( P C ) ]  throughout the barrier with 
a thickness 0.%1.09 mm was 17.2 X 10V cm2/min. Thus, on the basis that 
D was 2.1 X cm2/min, the apparent value of PC between the barrier 
and the solvent A was 0.84. 


Permeability of Human Skin to Levamisole-It has been estab- 
lished (11,12) that the stratum corneum is the rate-determining barrier 
to penetration of human skin by most nonelectrolytes of small to medium 
size molecular weights. This was confirmed for levamisole penetration 
in human skin by considering the effect of skin sample thickness and the 
removal of the stratum corneum on permeability. 


Table I1 contains the calculated permeability constants and lag times 
for penetration of human skin at  37' by levamisole from its 0.85% solution 
in an aqueous buffer, pH 8.9. 


Table 111-Effect of Removal of Stratum Corneum on Human 
Skin Permeability to Levamisole from a 0.85% Solution in an 
Aqueous Buffer at pH 8.9 


where S (pg/ml/min) is the slope of the steady-state plot of drug con- 
centration in the receptor compartment uersus time, V ( c d )  is the vol- 
ume of the receptor compartment, 1.453 cm2 is the surface area of the 
skin, and C (pg/ml) is the concentration of drug applied to the skin sur- 
face. 


The lag time, L (min), was taken as the intercept on the x-axis of the 
steady-state plot of drug concentration in the receptor compartment 
uersus time. 


RESULTS AND DISCUSSION 


Permeability of Cattle Skin to Levamisole-Effect of Rate of 
Stirring of Receptor Phase-Figure 1 shows the amounts of levamisole 
that had penetrated samples of cattle skin ( Q T )  from a 10% solution in 
solvent A. The stirring rate of the receptor phase was different in each 
experiment. In one experiment, a constant stirring rate was maintained 
from start to finish. In subsequent experiments, the same rate was 
maintained for 245 min, and then the stirring rate was either halved or 
stopped (except for 4 min immediately prior to the removal of an aliquot 
for assay). 


The results of Fig. 1 indicate that the rate of appearance of levamisole 
in the receptor phase was independent of the stirring rate. This result 
suggests that  transport of levamisole through the skin is the in uitro 
rate-determining process rather than clearance from the skin into the 
receptor phase (10). Increasing the agitation rate of the receptor phase 
would decrease the thickness of the unstirred layer of receptor phase 
adjacent to the skin and would increase the rate of appearance of le- 
vamisole in the receptor phase if this were the rate-determining pro- 
cess. 


The value of the present report to an understanding of the in uiuo 
topical absorption process in domestic animals depends on whether 
penetration of drug through the skin rather than clearance into a receptor 
phase is the rate-determining step in both in uitro and in uiuo situations. 
If this were not the case, the difference in character between stirred 
normal saline (in uitro experiments) and flowing blood (in uiuo experi- 
ments) as receptor phases would reduce the likelihood of correlation 
between the results of the two types of experiment. 


Effect of Skin Sample Thickness-The skin samples from the calf 
consisted of the epidermis together with varying thicknesses of dermis. 


~ ~~ 


10 X r a ,  106 X k p e ,  Lf, lo-' X Qzoo'.'. 
Donor crn Treatment cm/min min Pg 


9 1.09 b 161 75 1.7 
9 0.97 C 108 92 I .7 
9 0.93 d 720 33 17.5 
9 0.91 d 692 46 15.5 


a r = skin thickness. b treated as in Table 11. heated at 60' for 2 min and cooled. 
as in c but stratum corneum peeled off. k ,  = permeability constant. f L = lag 


time. 8 Q200 = quantity penetrating 1.453 cm2 in 200 min.  
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Figure 2-Micrograph (XSO) of a vertical section of calf skin stained 
with heniotoxylin and eosin. 


The aqueous buffer was used in these experiments instead of solvent 
A because levamisole only penetrated human skin very slowly from the 
latter solvent. This is in marked contrast to the situation with cattle skin 
penetration. Whereas 4180 pg of levamisole penetrated a 0.8 mm thick 
sample of calf skin in 200 min from solvent A, only 10 pg penetrated 
through a 0.81-mm sample of human skin in the same time. Only 121 pg 
of levamisole had penetrated the human skin in 12 hr. Steady-state 
penetration from the aqueous solution was achieved within 100 min in 
most cases and was maintained for a t  least 5 hr. 


One problem encountered in interpreting the data in Table I1 arose 
because only limited amounts of skin could be obtained from each donor. 
Hence, in contrast to the situation with cattle skin penetration, insuffi- 
cient data to permit a statistical analysis of the effect of skin thickness 
was obtained on skin from a single donor. However, the data suggest that 
110 strong correlation wit.h a negative correlation coefficient exists between 
human skin thickness and the permeability constant when the former 
is varied between 0.81 and 1.28 mm. The small amount of data on skin 
from each donor is more consistent with the conclusion that permeability 
constants and lag times for diffusion are independent of skin sample 
thickness. This is in contrast to the cattle skin permeability and is con- 
sistent with the proposal that the stratum corneum ( i .e . ,  the outer 10 pm 
of the epidermis) is the rate-determining barrier to penetration. 


Table 111 supports this conclusion. The data relate to the permeability 
of a skin sample that was heated in 60" water for 2 min prior to the pen- 
etrat.ion experiment and a similarly treated skin sample whose stratum 
corneum was peeled off after heating and prior to the permeability ex- 
periment. 


The results show that heating the skin to 60' and cooling prior to a 
permeability experiment did not significantly effect the skin perme- 
ability. However, removal of the stratum corneum led to a dramatic in- 
crease in permeability which confirmed the postulate that  this layer is 
rate determining for penetration of levamisole through human skin which 
has been frozen and reconstituted. 


An estimate of the diffusion coefficient of levamisole in human stratum 


corneum, D (cm2/m'in), and of the partition coefficient of levamisole 
between water a t  pH 8.9 and human stratum corneum can be made using 
Eqs. 1 and 2, a value of cm for the thickness of the stratum corneum, 
and values of k ,  (cm/min) and L (rnin) in Table 11. For the purpose of 
this exercise, the data in Table I1 that were obtained on skin sample 6 
were used, i . e . ,  k ,  = 131 f 14 X cm/min and L = 88 f 10 min. This 
led to values of D = 1.9 X 


The value of D is similar to the values that have been reported (11) for 
water and low molecular weight nonelectrolytes (3-4 X cmz/min) 
in human stratum corneum. 


Levamisole has a pKa value of 7.94 a t  37" (9) and, thus, exists to the 
extent of 90% as a neutral molecule a t  pH 8.9. The calculated value of 
PC(69) suggests that the stratum corneum has a much lower polarity than 
water and is a better solvent for levamisole than water. 


Mechanism of Absorption of Levamisole across Cattle Skin-The 
apparent constancy of the product k,r for levamisole absorption across 
cattle skin samples with a thickness of 0.65-1.1 mm suggests that  this 
total skin thickness, rather than the 30 pm stratum corneum (13), is the 
rate-determining barrier. Values of k,r tended to decrease when skin with 
a thickness >1.1 mm was used. It will be argued subsequently that the 
first 1.1 mm of skin is richly supplied with blood and that drug molecules 
that penetrate into it would be rapidly absorbed into the blood. Conse- 
quently, it is proposed that controlling the rate a t  which drug molecules 
pass through the first 1.1 mm will result in control of the rate a t  which 
they enter the blood in the in  uiuo situation. 


It may be argued that the stratum corneum was removed from the skin 
samples investigated by either the method of the skin preparation or by 
solvent A. The first possibility is considered unlikely since fine clipping 
of hair was shown (14) to remove no more than 4 of 30 layers of bovine 
stratum corneum. The second possibility is discounted because k,r was 
also constant for levamisole penetration through cattle skin from aqueous 
solutions. 


I t  is proposed that the first 1.0-1.1 mm of the cattle skin used in these 
experiments is made up of the epidermis with its stratum corneum (60 
pm thick) (13) and the highly vascular papillary layer of the dermis. 


Histological studies of a variety of cattle skins revealed (15) that the 
first 1 mm is usually epidermis plus papillary layer of the dermis, and the 
lower 6 mm is the collagenous reticular layer of the dermis. McEwan- 
Jenkinson (16) has suggested that the papillary and reticular layers of 
the dermis of bovine skin meets in the area of the sebaceous gland. 
Confirmation of this proposition comes from inspection of the micrograph 
of a dehydrated, paraffin-embedded section of cattle skin (Fig. 2). This 
section, which is typical of the skin studied, shows that the first 1 mm of 
skin contains most of the hair follicle and the sebaceous gland associated 
with it. 


It is not clear whether the bulk of the drug is transported through the 
first 1 mm or so of skin uia the cells ( i .e . ,  transcellular) as in human skin 
penetration (11) (although in this case it is only the stratum corneum 
which is rate determining) or via the appendages such as the hair follicle, 
sweat duct or sebaceous duct. 


The value of the diffusion coefficient for levamisole in the first 1.0 mm 
of cattle skin (2.1 X cm2/min) is much closer to those of water and 
low molecular weight nonelectrolytes through human hair follicles 
(0.3-1.2 X cm2/min) or sweat ducts (6.0-12.0 X cm2/min) than 
to the value calculated for levamisole passing through human stratum 
corneum cells (1.9 X lop9 cm2/min). Consequently, it is tempting to 
postulate that most of the drug is transported uia the skin appendages 
in transport across cattle skin. 


A major reason why transport uia skin appendages has only been as- 
signed a minor role in human skin transport is because their density per 
unit area of skin is very low (40-70 cm-2 for hair follicles and 200-250 
cm-2 for sweat glands) (11). Thus, it would be reasonable to predict that  
this route would be more favorable in cattle skin penetration because the 
density of hair follicles is higher (-890 cm-2) (17), and each follicle has 
a sweat gland, sebaceous gland, and the ducts associated with it. However, 
the greater density of hair follicles in cattle (-15 times the density in 
human skin) cannot on its own account for the 400-fold increase in the 
rate a t  which levamisole crosses cattle skin as compared to human skin. 
I t  is possible that penetration uia the cattle skin appendages is facilitated 
by the emulsified sebum that is associated with them (18). This emulsion 
may be a better solvent for levamisole than the sebum which is associated 
with human hair follicles or the sweat associated with human sweat 
glands. Studies concerning the role that emulsified sebum plays in cattle 
skin penetration are currently underway. 


If the above postulate is correct, it is likely that the drug would rapidly 
enter the systemic circulation in live animals because the appendages 
are richly supplied with blood vessels. 


cm2/min and PC = 69. 
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CONCLUSIONS 


The first 1 mm or so of frozen and reconstituted cattleskin4 acts as a 
homogeneous barrier to penetration of the skin by chemicals. The dif- 
fusion coefficient of levamisole in this barrier is close to its expected value 
in hair follicles or sweat ducts. The results of the present study suggest 
that  polar molecules such as levamisole will penetrate cattle skin much 
more rapidly than human skin. 
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Abstract 0 A series of brusatol, bishrusatol, and bruceantin esters were 
examined for their ability to inhibit protein synthesis in P-388 lympho- 
cytic leukemia cells. Compounds which produced high T/C % values 
(170-272) resulted in IDSO of 5.4-15.5 pM for inhibition of whole cell 
protein synthesis, IDm of 1.3-13 pA4 for inhihition of endogenous protein 
synthesis in cell homogenates, and ID50 of 1.9-6 pM for inhibition of 
polyuridine directed polyphenylalanine synthesis using “runoff’ ribo- 
somes and a “pH 5” enzyme preparation. The polyuridine directed 
polyphenylalanine synthesis requires neither initiation nor termination 
factors, suggesting that quassinoids are exclusively elongation inhibitors. 
Bruceantin, brusatol, and bisbrusatolyl malonate allowed a runoff of the 
polyribosomes to 80s free ribosomes. However, formation of the ternary 
complex and 80s initiation complex were not inhibited by the quassi- 
noids. Thus, these agents do not affect the individual steps leading to the 
formation of a stable 80s initiation complex in P-388 cells. Brusatol, 
bruceantin. and bisbrusatolvl malonate inhibited the formation of the 


~~ 


first peptide bond between puromycin and [3H]methionyl-transfer RNA 
bound to the initiation complex, indicating peptidyl transferase activity 
is inhibited by the quassinoids in P-388 cells. These studies also suggest 
that  the free 80s ribosome is the site of binding by the quassinoid. Ri- 
bosomes actively conducting protein synthesis will continue protein 
synthesis and terminate before the quassinoids hind. This proves quas- 
sinoids are elongation inhibitors of tumor cells. A strong correlation 
was observed between potent antileukemic activity and the ability to 
inhibit protein synthesis in P-388 lymphocytic leukemia cells. 


Keyphrases 0 Protein synthesis-inhibition by quassinoids, P-388 
lymphocytic leukemia cells 0 Quassinoids-inhibition of protein syn- 
thesis, P-388 lymphocytic leukemia cells Structure-activity relation- 
ships-quassinoids, inhihition of protein synthesis, P-388 lymphocytic 
leukemia cells 0 Antitumor agents-quassinoids, inhibition of protein 
synthesis, P-388 lymphocytic leukemia cells 


Bruceantin, a quassinoid now in phase I1 clinical trials, 
was first isolated from Brucea antidysenterica (1,  2) .  
Subsequently, bruceoside A was isolated from Brucea 
jauanica ( 3 )  and brusatol was derived chemically from 
bruceoside A. It was demonstrated (4) that bruceantin 


inhibited protein synthesis in HeLa cells by 90% at 2 pM, 
whereas DNA and RNA synthesis were inhibited 60 and 
15%, respectively. Protein synthesis was inhibited 79% in 
rabbit reticulocytes by bruceantin a t  0.1 pLM (4). Liao (4) 
postulated that bruceantin was an initiation inhibitor of 
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acid. The CMC describes the lipophilicity of amphiphilic substances (13); 
the CMC value of chlorpromazine in the presence of acid could be an 
indirect measure of the lipophilicity of the ion-pair. Figure 4 shows an 
almost linear correlation between D and the CMC for the different bi- 
carboxylic acids. 


Chlorpromazine was selected for this study since it is representative 
of many tricyclic drugs and its behavior toward carboxylic acids may be 
important in GI absorption. Ion-pair formation between chlorpromazine 
and dietary carboxylic acids (such as citric, tartaric, and acetic acid) would 
give a favorable absorption in GI lumen. Furthermore, these findings 
could be useful for the development of dosage forms. It was shown (14) 
that certain drugs can be absorbed in their undissociated state, either 
directly or by ion-pair or complex formation. The behavior of chlorpro- 
mazine in humans might also be ascribed to the interactions of the drug 
with some of the physiological acids studied. 
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Abstract 0 The binding of phenylbutazone (I) and oxyphenbutazone 
(11) to human serum albumin over pH 6.9-9.3 was studied by difference 
spectrophotometry and equilibrium dialysis. A t  each pH tested, there 
was higher binding affinity of I to human serum albumin than 11. Equi- 
librium dialysis showed that over the pH 7-8.2 range both agents had a 
single high-affinity site and several sites of lower affinity, with the highest 
binding constant and number of binding sites at  pH 7.4 for both I and 
11. Both techniques showed that the affinity of both drugs to albumin was 
higher for the neutral form than for the basic form and this transition 
occurred in both cases around the neutral region (7-7.4). Both the ionized 
and unionized forms of I and I1 participated in the binding. In the neutral 
region, magnesium ion increased the affinity of both drugs to  albumin 
while chloride ion decreased i t  slightly. 


Keyphrases 0 Phenylbutazone-effect of albumin conformation on 
binding to human serum albumin 0 Oxyphenbutazone-effect of albu- 
min conformation on binding to human serum albumin 0 Albumin, 
human serum-effect of conformation on binding of phenylbutazone and 
oxyphenbutazone Binding-f phenylbutazone and oxyphenbutazone, 
effect of albumin conformation, human serum albumin 


Drug-protein binding studies are important for pre- 
diction of drug dynamics in the body (1). The affinity of 
such interaction can possibly be used to correlate thera- 
peutic and toxicological effects, as well as drug distribution 
and excretion. Most in vitro drug-protein interaction 
studies are conducted in isotonic pH 7.4 buffer. Data re- 
duction in terms of binding constants assumes that for a 
partially ionized drug each species is bound with equiva- 
lent affinity (2). 


It was reported (3) that conformational changes occur 
in serum albumin over pH 6-9. Zurawski and Foster (4) 
established that two conformational states exist in bovine 
serum albumin over this pH region. They called the form 
at neutral pH (pH 6-7) the “N” form and the form at 


higher pH (around pH 9) the “B” (base) form. Thus, the 
conformational change that occurs is the N to B or B to N 
transition. It was recently shown (5-7) that the same 
conformational change occurs in human serum albumin 
over pH 6-9. The N to B transition is seemingly dependent 
on pH but may also occur to some extent with ionic 
strength of the buffer and buffer ion composition. Calcium 
ion and chloride ion affect this transition (5-10) as well as 
the binding of drug to the protein. 


BACKGROUND 


While the macromolecule conformation changes with varying pH, 
ionization of the drug may also occur over such a pH range. A method was 
presented recently (2) to distinguish which species of a partially ionized 
acidic or basic drug bind to the protein and to enable determination of 
the binding site constant (3) for the interaction. In addition, this method 
aids in the detection of significant changes in the protein binding site that 
may result from pH perturbation. Since the blood pH in patients may 
vary between 6.8 and 7.8 (111, significant changes in drug binding to al- 
bumin or other plasma proteins could take place with a change in blood 
or local change in organ (e.g., liver) pH. This pH range could not be 
predicted in any one individual; a t  best these pH differences usually 
would be only a few tenths of a pH unit (i .e. ,  respiratory acidosis or alk- 
alosis). 


The present study used equilibrium dialysis and UV difference spec- 
troscopy to investigate the effect of albumin conformational state on the 
binding of phenylbutazone and oxyphenbutazone to human serum al- 
bumin at  various pH values. 


EXPERIMENTAL 


Materials-The human serum albumin used was previously investi- 
gated for purity1 (12). Phenylbutazone (I) and its metabolite oxyphen- 
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Figure 1-Difference spectrophotometric titration of 1.45 X M 
albumin with I at pH 8.2. Each curve represents the addition of 10 p l  
of Isolution (1.5 X M) to 3 ml (initially) of buffer in the reference 
compartment and to 3 ml of albumin in the sample compartment. The 
numbers 2 ,4 ,  and 14 indicate the number of increments added. 


butazone (11) were obtained commercially2. All other chemicals were 
analytical grade384 and all solutions were prepared in deionized water. 


Binding Studies-Binding studies of I and I1 to human serum albu- 
min were carried out using UV difference spectroscopy and equilbirium 
dialysis techniques. In all binding studies, the albumin (1.45 X M )  
was dissolved in phosphate buffer adjusted to various pH values, i .e.,  6.8, 
7.0,7.4,7.8, and 8.2, and pH 9.3 borate buffer. All buffer solutions were 
made isotonic using sodium chloride or magnesium chloride. 


Difference Spectrophotometry-The tandem technique (13) was 
employed in the split-beam mode5. Identical 10-p1 increments6 of either 
I or I1 (1.50 X M )  were added to the buffer cell in the reference beam 
and to the albumin cell in the sample beam to give final concentrations 
of I or I1 of 4.97 X 10-%4 X M, representing drug to protein ratios 
of 0.34-4.4. T o  maintain a constant albumin concentration in each beam 
after drug addition, a volume of albumin equal to that of the drug added, 
but twice the concentration of the albumin already in the cell, was added 
to the protein cell. Drug concentration was kept constant by the addition 
of an identical volume of buffer to the buffer cell in the reference com- 
partment. Resulting difference spectra were subsequently recorded. 


I 
0.2 Units 


WAVELENGTH, nm 
Figure %-Difference spectrophotometric titration of 1.45 X M 
albumin with II  at pH 7. Each &rue represents the addition of 10 p l  of 
I I  solution (2.5 X t o  3 ml (initially) of buffer in the reference 
compartment and to 3 ml of albumin in the sample compartment. The 
numbers 2 , 4 ,  and 10 indicate the number of increments added. 


2 Ciba-Geigy, Summit, N.J. 
3 J. T. Baker Chemical Co., Phillipsburg, N.J. 
4 Fisher Scientific Co., Fair Lawn, N.J. 
5 Model 118, Cary spectrophotometer, Varian Instruments, Palo Alto, Calif. 
6 Hamilton Co., Reno, Nev. 
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Figure 3-Effect of pi1 on the absorbance differences (AA) of I-albu- 
min complex. 


Equilibrium Dialysis-Equilibrium dialysis experiments were per- 
formed with an equilibrium dialyzer7 using cell compartments of 10 ml 
total volume. Hydrated cellulose membranes8 were prepared and used 
as suggested by the manufacturer. The concentrations of I or I1 used 
ranged from 7.6 X M .  Equilibrium was achieved within 
4 hr for the lowest concentration and took as long as 15 hr for the highest 
concentration. Determination of the free drug was carried out spectro- 
photometrically; both I and I1 had a maximum a t  264 nm in phosphate 
buffer. Standard calibration curves were constructed for each drug at  each 
pH. Control experiments were conducted using buffer solution instead 
of protein. 


Effect of Chloride and Magnesium Ions-The binding of I and I1 
to albumin was also studied in phosphate buffer containing no sodium 
chloride and in phosphate buffer containing 1 X M magnesium 
chloride. The equilibrium dialysis technique was used and phosphate 
buffers of pH 7.4 and 7.8 were selected for I and 11, respectively. 


to 1.5 X 


RESULTS AND DISCUSSION 


Both I and I1 were shown to bind to human serum albumin at  different 
pH by the technique of difference spectroscopy and equilibrium dialysis. 
Examples of difference absorption spectra obtained for the association 
of I and I1 with albumin are shown in Figs. 1 and 2. In the case of I, the 
spectra were characterized by positive peaks a t  282 f 2 nm and negative 
troughs a t  244 f 2 nm. In the case of 11, the spectra were characterized 
by a positive peak a t  280 f 2 nm and negative peak a t  244 f 2 nm. Fam- 
ilies of curves were generated by incremental addition of I or I1 to albu- 
min. At each pH examined, the absorbance difference spectra (AA) of 
I was larger than 11. This indicates that I has a higher affinity for albumin 
than I1 (since their molar absorptivities are equivalent). 


Absorbance difference curves a t  different pH were generated by 
plotting the change in absorbance measured as the difference in intensity 
of the peak (280 or 282 nm) and trough (244 nm) for I and 11, respectively, 


7 Dianorm, Diachema AG, Ruschlikon, Switzerland. * Diachema AG, Ref. 10.14, m.w. cut-off 5000, and diameter 63. 
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Table I-Primary Association Constant of Phenylbutazone (I) and Oxyphenbutazone (11) and Number of Sites Calculated a t  Different 
pH from Scatchard Plots 
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uersus pH (Figs. 3 and 4). These figures indicate that a change in pH 
influences the difference spectra produced as a result of the drug-protein 
interaction. In the case of I (Fig. 3) the curves indicate a maxima in the 
difference spectra at pH 7.4. The absorbance difference is slightly higher 
in the slightly acidic region over that observed in alkali. 


This difference may indicate that I is bound more to albumin in the 
neutral region. In the case of I1 (Fig. 4), the effect of changing pH on the 
difference spectra was more pronounced. A t  all drug-albumin ratios used, 
the absorbance difference was larger in the neutral or slightly acidic region 
than in the alkaline region. An abrupt decrease occurred around pH 7-7.4. 
This decrease was more pronounced at  higher drug-albumin ratios. The 
inflection points of these curves was at pH 7.8 indicative of the greatest 
change. This higher value of AA obtained in the neutral region indicates 
that I1 has a higher affinity to the N form of the albumin. 


Data obtained from the equilibrium dialysis studies were plotted ac- 
cording to Scatchard (14) (Figs. 5 and 6). Each plot is curved and, 
therefore, the data were analyzed in terms of two classes of binding sites 
using the computer program of Perrin et al. (15). Results of the Scatchard 
plot analysis are given in Table I. There is a single high affinity binding 
site for both I and I1 and several sites of lower interaction potential (Table 
I). It should be pointed out that the range of I and I1 concentrations used 
in the binding studies varied considerably, from 7 X to 1 X 10-3 M; 
previous literature reports use a narrower concentration range. 


Considering the effect of pH on the association constants of I and 11, 
Table I shows that K for both drugs decreases with increasing pH. In 
addition, at pH 7.4 the largest number of sites seems to be present. At  
each pH used, the association constant of I was larger than that of 11. 


Other workers calculated similar albumin association constants for 
both I and 11. Solmon et al. (16) reported that albumin has only one 
binding site for I with an affinity constant of 1.17 x lo5 A 4 - 1 .  However, 
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Figure 6-Scatchard plot of dialysis data for the interaction of IZ with 
albumin at  pH 7.8. Key: r, moles of drug bound per mole of albumin; and 
Cf, free drug concentration. 
sponsible for marked differences in affinity between various drug 
forms. 


The effect of chloride and magnesium ions on the binding of I and I1 
to albumin was opposite in nature. Chloride ions reduced the amount of 
drug bound. This was most evident in the neutral pH region for both 
drugs. The mechanism is possibly one of displacement of drug from al- 
bumin as postulated earlier (6,lO). Magnesium ion increased the binding 
of both drugs in the same pH region. The increase was as much as 10% 
in the presence of magnesium a t  pH 7.4. Cations, especially divalent 
cations, have been found to affect the N to B transition of the protein (6, 
7) and this is possibly the reason for the increased binding. The effects 
of both chloride and magnesium ions were greater on the high affinity 
sites than on the sites in the second class of binding. 


The UV difference spectroscopy and equilibrium dialysis data indi- 


cated that albumin has a higher affinity for I than I1 at each pH examined. 
Oxyphenbutazone is less hydrophobic (more polar) than phenylbutazone, 
and the importance of hydrophobic interactions in the binding of drugs 
to protein was noted previously (17,20,21). 


With either method of examining binding it is evident that pH affects 
the affinity of the interaction. It is also apparent that the binding affinity 
of each drug is higher in the neutral region (N form of protein) than in 
the alkaline region (B form). This fact, coupled with the results of ab- 
sorbance difference uersus pH which show a marked transition (inflec- 
tion) in the neutral pH region, indicate that the N to B transition of al- 
bumin may be responsible for the changes in the affinity of the complex 
with pH. 
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Abstract  0 The stability of selected effervescent tablet systems was 
monitored by means of mercury intrusion porosimetry and by a cantilever 
beam/proximity transducer balance. The porosity measurements proved 
to be useful in elucidating tablet pore structure changes over time. The 
measured parameter, percent pores greater than the experimental range, 
was a useful measure of porosity for statistical evaluations. The study 
showed that compression pressure and manufacturing conditions are not 
significant factors in the stability of an effervescent tablet system when 
nonhygroscopic materials are used. 


Keyphrases Effervescent pharmaceuticals-quantitative evaluation, 
monitoring of stability by reactivity and porosity measurements 0 Sta- 
bility-of effervescent pharmaceuticals, monitoring by reactivity and 
porosity measurements Tablets-effervescent, measurement of sta- 
bility by reactivity and porosity measurements 


Accelerated stability tests are used in the systematic 
design of solid dosage forms to examine the changes in 
physical characteristics brought about by environmental 
stress conditions. To use any stability test successfully, the 
characteristics being monitored must be quantitatively 
measured. 


The greatest problem with effervescent tablet products 
is their loss of reactivity with time, particularly from 
contact with moisture. Methods of quantitatively char- 
acterizing effervescent tablet systems are limited and do 
not lend themselves to direct measurement. However, a 
balance device utilizing a double-cantilever beam with a 
proximity transducer was recently developed to allow 
continuous recording of carbon dioxide weight loss from 
rapidly reacting effervescent systems (1). That study also 
described treatment of the data obtained, including cal- 
culation of an index of reactivity ( I R )  to quantify the ef- 
fervescent reactions. 


A previous study (2) investigated the stability of a hy- 
drolizable drug, aspirin, in relation to the porosity char- 
acteristics of the dosage form by means of mercury intru- 
sion porosity measurements. Since effervescent tablets 
based on citric acid and sodium bicarbonate react pre- 
maturely, with carbon dioxide being generated and liber- 
ated, the porosity characteristics of such a tablet might be 
expected to change as the premature reaction proceeds. 
Therefore, mercury intrusion porosity data might provide 
useful information on the physical changes in effervescent 
systems with aging or decomposition, as well as data that 
might be correlated with other tablet reactivity measure- 
ments, resulting in a more quantitative method of stability 
assessment. 


The present studies were undertaken to determine the 
stability of several experimental effervescent tablets. An 
index of reactivity (1) was developed as a stability indi- 
cator. The mercury intrusion measurement of the porosity 
of the effervescent tablets, used to monitor structural 
changes in the effervescent tablets with time under the 


influence of water vapor and high temperature, was also 
developed as a stability indicator. 


EXPERIMENTAL 


Materials-The compositions of the effervescent tablets used are 
listed in Table I. All materials were passed through a number 30 screen 
and then through a number 80 screen, mixed, and compressed at  room 
temperature with a relative humidity (RH) of either 20 or 60%. The ef- 
fervescent tablets contained a stoichiometric ratio of acid to base, with 
the tablets containing a base other than sodium bicarbonate equivalent 
to 1.9 g of sodium bicarbonate. Because of the large amount of sodium 
glycine carbonate and sodium dihydrogen citrate required in such for- 
mulations, the total weight of these tablets (Table I) was reduced by 63.5 
and 25%, respectively. Corrections were later made so that the carbon 
dioxide loss data were reported as equivalent to a 1.9-g sodium bicar- 
bonate formula. 


Experimental Design-The stability study was designed as a factorial 
experiment to investigate the effects of the tablet manufacturing con- 
ditions ( I ) ,  tablet formulations (J), tablet compression pressures ( K ) ,  
storage conditions ( L ) ,  and storage times (M). The dependent variables 
measured were the index of reactivity, I R ,  and a measure of the tablet 
porosity. 


Large 25.4-mm, flat-faced, beveled-edge tablets were compressed a t  
two different compression pressures, 897 or 1077 kg/cm2, using a mo- 
torized hydraulic press'. Similar 12.7-mm tablets were also compressed 
to  densities equal to the 25.4-mm tablets. The densities were measured 
on a commercial air comparison pycnometer' (Table 11). The 12.7-mm 
tablets were required to accommodate the porosity measuring device used 
in the study. Prior to compression, the raw materials were oven dried a t  
120' for 24 hr, weighed out, mixed, and exposed to the manufacturing 
environment for 1 hr. The effervescent tablets were either compressed 
at an ambient relative humidity of 120% or a t  60% RH. The relative 
humidity was monitored by means of a sling psychrometer?. 


During the high humidity stability test, the tablets were stored in glass 
bottles4 without caps in a sealed rigid plastic case, equipped with a small 
fan for air circulation, containing a saturated salt solution of sodium 
chloride to produce 75% RH a t  25O. The humidity was monitored by a 
hygrometer5 placed inside the case. The second storage condition of the 
stability test was 50', achieved in an oven6; tablets were stored in the oven 
in capped glass bottles4. 


The tablets were stored in the glass bottles in an alternating stack of 
25.4- and 12.7-mm tablets with a polystyrene plastic disk7 as filler on the 
top and bottom of each stack. Enough tablets were placed in a bottle to 
complete the necessary samplings at 0,2, and 4 weeks of storage a t  each 
condition. For each bottle of sample tablets, a backup bottle containing 
one tablet of each size, along with the disks, was stored. 


The general procedure for setting up and running the stability test 
started with the establishment of the 20 or 60% RH manufacturing con- 
ditions. The compression equipment was then moved to the location 
providing that condition. The five different effervescent tablet formu- 
lations to be compressed a t  two different compression pressures were 
coded and assigned an order of compression using a random number 
table. The raw materials for each of the 10 combinations (five formula- 


~- 


I Motorized conver press, Fred S. Carver, Menomonee Falls, Wis. 
Model 930, Beckman Instruments, Fullerton, Calif. 
Taylor Instrument Co., Rochester, N.Y. 
Glass bottles for Alka Seltzer 8's, Miles Laboratories, Elkhart, Ind. 


5 Model R560, Abrax Instrument Carp., Jamaica, N.Y. 
Thelco model 18, Precision Scientific Co., Chicago, Ill. 
Styrofoam filler plugs for Alka-Seltzer bottles, Miles Laboratories, Elkhart, 


Ind. 
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Table I-Effervescent Tablet Formulations Used in the 
Effervescent Tablet Stability Study 


Ingredient 
Tablet Formulations, g 


A B C D E 


Citric acid anhydrous 1.45 1.08 - - - 
Sodium dihydrogen citrate - - 1.82 - - 
Glutaric acid - - - 


Sodium bicarbonate 1.90 - 1.43 - 
Sodium glycine carbonate - 2.02 - 1.90 - 
Total tablet weight 3.35 3.10 3.25 3.39 3.696" 


1.49 - 
- 


~ ~~ 


a Experimental effervescent tablet. Granulation supplied by project sponsor. 


Table 11-Densities of Effervescent Tablets Compressed at 
Pressures to Produce Equivalent Densities 


Applied 
Tablet Compression 
Size, Pressure, 


Tablet Composition mm kg Density 


Citric acid-sodium bicarbonate 25.4 5455 1.912 
12.7 909 1.946 


Citric acid-sodium glycine 25.4 5455 1.784 


12.7 909 1.790 
carbonate 


Sodium dihydrogen citrate-sodium 25.4 5455 1.912 


12.7 909 1.910 
bicarbonate 


Glutaric acid-sodium bicarbonate 25.4 5455 1.782 
12.7 909 1.726 


a Pressure calculated by geometric and force transmission considerations for 12.7 
mm tablets. 


tions X two pressures) were then weighed out, and enough of both of the 
25.4- and 12.7-mm tablets were compressed to meet the sampling and 
backup requirements of the stability test. 


The tablets were then randomly placed in the glass bottles, labeled, 
and placed in the appropriate storage condition. Initial values of the re- 
activity and porosity measurements were taken. This procedure was re- 
peated until all 20 combinations (five formulations X two pressures X 
two manufacturing conditions) were compressed and stored and initial 
values were taken. 


At the appropriate times, the top 25.4- and 12.7-mm tablets in each 
sample bottle were removed from storage and their reactivities and 
porosities were determined. The tablets were sampled and measured in 
the same order as they were made, using one tablet per measurement. 


The total stability study was replicated a second time in the described 
manner. The second replication was needed to provide some measure of 
the error between test measurements and between the manufacture of 
the tablets to make statistical tests on the major factors after the 
study. 


The data collected in the study was analyzed statistically by analysis 
of variance. The experimental design contained three inherent restric- 
tions on randomization, which were accounted for in the design of the 
statistical analysis model (3-5). The first restriction occurred when all 
tablet compression work was done under one manufacturing condition 
prior to the second condition. Second, each tablet formulation was 
compressed in turn a t  the high or low compression pressure prior to the 
other pressure being used. Third, the tablets were assigned storage con- 
ditions and bad to be sampled a t  the specified storage times in the same 
order that they were made. With these errors accounted for in the model, 
property tests could be run on the dependent variables after the study 
was concluded. 


The analysis of variance for the st.udy design is shown in Table 111. This 
design was used for the analysis of each dependent variable of reactivity 
and porosity measured a t  both storage conditions for 0,2,  and 4 weeks 
of storage. Analysis of variance was done by computer using a statistical 
library program*. 


Pooling of the error terms was performed to determine the mean square 
error (MS,,,,,) to facilitate F testing by having a single MS,,,,, with 
greater degrees of freedom (6). Pooling was performed as indicated in 
Table 111. 


Purdue University, Computer Center, West Lafayette, Ind. 


Table 111-Analysis of Variance for One Dependent Variable in 
Two Storage Conditions a 


Degrees 
of 


Source Freedom E.M.S.' 


I 
N U )  
6d 
J 
1J 
N U ) J  
K 
1K 
N U ) K  


JK  
1JK 
N(Z)JK 
W e  


L 
I L  
N U ) L  
J L  
IJL 
N ( I ) J L  
K L  
IKL 
N(1)KL 
J K L  
IJKL  
N(1 )JKL 
v f  
M 
1M 
N(Z)M 
J M  
1JM 
N ( I ) J M  
KM 
ZKM 
N ( I ) K M  


JKM 
IJKM 
N(Z)JKM 
LM 
ZLM 
N(1)LM 


JLM 
ZJLM 
N(1)JLM 
KLM 
IKLM 
N( I )KLM 
JKLM 
IJKLM 
N( I )JKLM 
t 


1 
2 
0 
4 
4 
8 
1 
1 
2 


4 
4 
8 
0 


1 
1 
2 
4 
4 
8 
1 
1 
2 
4 
4 
8 
0 


2 
2 
4 
8 
8 


16 
2 
2 
4 


8 
8 


16 
2 
2 
4 


8 
8 


16 
2 
2 
4 
8 
8 


16 
0 


Measured at 0.2, and 4 weeks. * Key: I, manufacturing condition; N, replicate; 
J, tablet formulation: K ,  tablet compression pressure: L, storage condition; and 
M, storage time. The error terms were pooled within the various sections as in- 
dicated by underlining. The pooled errors were then used to test the significance 
of those factors and interactions within the respective sections. First restriction 
of randomization error. Second restriction of randomization error. f Third re- 
striction of randomization error. 


In the case of significant two-way interactions from analysis of variance 
of a dependent variable, a Newman-Keuls sequential range test (6) was 
performed on the means involved to determine significant differences. 
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Figure 1-Index of reactiuity ( I d  analysis for J X I interaction. Key: 
A, 20% R H  manufacture; 0, 60% RH manufacture; A,  citric acid- 
sodium bicarbonate; B, sodium glycine carbonate-citric acid; C,  sodium 
dihydrozen citrate-sodium bicarbonate; D, glutaric acid-sodium bi- 
carbonate; and E. Tablet b:. 


- 


- 


- 


- 


- 


The effervescent tablet porosity measurements were performed on a 
commercial mercury intrusion porosimeter using a method described 
previously (2,7) .  In this procedure, several characteristics of a tablet's 
pore structure were calculated and could be used to express tablet po- 
rosity. However, statistical evaluation requires that a single dependent 
variable value be used. In this study, the calculated value of the percent 
pores greater than the experimental range (PPGTER) was used as the 
dependent variable value for poro$ity. The  selection of the PPGTER 
values was based on the fact that moisture can interfere with mercury 
intrusion in pore-size distribution determinations within the experi- 
mental range (8,9). Even though each tablet was pretreated by drying 
a t  room temperature under vacuumg for 15 hr as part of the mercury in- 
trusion determinations, the effervescent reaction, however slow it may 
be, would not have ceased; therefore, water would still have been pro- 
duced and been available to interfere with the measurements. The 
PPG'I'EH value is not significantly influenced by moisture. 


The true densities of the tablets required for the porosity calculations 
were determined by an air comparison technique using a commercial 
pycnometer:'. Room air was used as the gas. Before each determination, 
a zero measurement check was made to correct for possible zero offset. 
Measurements were carried out by starting a t  an initial pressure of 1 atm 
and compressing the gas to  2 atm. 


The reactivity of the 25.4-mm effervescent tablets a t  the selected 
storage times was determined by means of the beam/proximitor (b/p) 
balance previously described (1). 


RESULTS AND DISCUSSION 


As already mentioned, tablets containing sodium glycine carbonate 
and sodium dihydrogen citrate required weight reductions of 63.5 and 
25%, respectively, and did not contain base equivalent to  the 1.9 g of so- 
dium bicarbonate in the standard tablet. From the standpoint of density 
and porosity, the weight reduction was not a factor. However, in trying 
to relate the reduced weight tablets to the standard tablet by means of 
the index of reactivity, I K ,  the weight reduction is very crucial be- 
cause: 


I R  = k W f  (Eq. 1) 


where WF is the final weight loss of carbon dioxide from the effervescent 
solution and k is the rate constant of the effervescent reaction (1). 
Therefore, the data collected for the reduced tablets were multiplied by 
a correction factor. This factor was determined by measuring W p  on the 


gThelco model 19 vacuum oven, Precision Scientific Co. .  Chicago, 111. 


01 I 1 1 I I 
A B C D E 


TABLET FORMULATION 


Figure 2-Index of reactivity analysis for ?J X I, interaction. Key: A, 
FiOo storage condition; 0, 75% R H  storage condition; A,  citric acid- 
sodium bicarbonate; R, sodium glycine carbonate-citric acid; C, sodium 
dihydrogen citrate-sodium bicarbonate; D, glutaric acid--sodium hi- 
carbonate; and E ,  Tablet E. 


b;p balance from tablets containing the full 1.9 g of sodium bicarbonate 
equivalent and from the reduced tablets. Dividing Wr. for the full-base 
tablets by W F  for the reduced-base tablets gave a factor by which each 
data point generated on the b/p balance by the reduced tablets could be 
multiplied to yield data representative of tablets containing base 
equivalent to 1.9 g of sodium bicarbonate. 


Analysis of variance of the adjusted IH means revealed, at  the 0.01 level, 
significant differences in I H  values with the following factors: 


J = tablet formulation 
1, = storage condition 


M = storage time 
J X I = interaction 


J X L = interaction 
J X M = interaction 
I,  X M = interaction 


I X J X M = interaction 
I X K X M = interaction 
J X K X M = interaction 
J X I, X M = interaction 


I X J X K X M = interaction 


The  individual factors of compression pressure ( K )  and manufacturing 
conditions ( I )  were not significant. 


Analysis of variance showed that 112 appears to be a function not only 
of J hut also of L and M. The single effects are supported by examination 
of the four significant two-way interactions involving the factors. New- 
man-Keuls (NK) tests were run, and the means were plotted for each 
interaction (Figs. 1-4). 


Figure 1 shows the 112 means plotted for the interaction of tablet for- 
mulation and manufacturing conditions ( J  X I ) .  Figure 1 clearly shows 
the difference in I R  values according to the different formulas and sup- 
ports the analysis of variance finding that manufacturing conditions did 
not have any significant effect on 111 values in that only the citric acid- 
sodium glycine carbonate tablet showed any significant difference, 0.01 
level, between the two manufacturing conditions. With only this one 
difference, the total interaction is of doubtful significance. 
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Table IV-General Physical Observations 
~ 


Tablet Storage Observations 


A 75% RH Some swelling, surface rough 
A 50" No change 
B 75% RH Surface rough, some swelling 
B 50" No change 
C 75% RH/50" No chanee 
D 75% RH Some swelling 
D 50' Very enlargedo and porous ("sponge") 
E 75% RH Enlarged 
E 50" Very enlarged and porous ("sDonge") 


Investigation of the J X L interaction (Fig. 2) shows significant dif- 
ferences in the I R  means caused by storage conditions, with the citric 
acid-sodium bicarbonate and citric acid-sodium glycine carbonate tablets 
recording the largest IR losses. The I R  values of the glutaric acid-sodium 
bicarbonate tablet support the observation (Table IV) that this compo- 
sition was better, or was more stable, a t  75% RH storage than a t  50" 
storage in that its I R  value was greater after the former. Tablet E ap- 
peared to be equally low in I R  value in either storage condition. 


A study of the J X M interaction in Fig. 3 shows that the I R  definitely 
decreased with storage time for all tablets. Moreover, there were no sig- 
nificant differences between the 2- and 4-week values of 1, for each tablet. 
The loss of stability appeared to take place during the first 2 weeks of 
storage. 


The obvious relationship between L and M is supported by the inter- 
action in Fig. 4. There was a significant loss of IR a t  50" between 0,2, and 
4 weeks. There was also a significant loss of IR between 0,2, and 4 weeks 
a t  75% RH storage. The losses at 50" were significantly less than the losses 
a t  75% RH storage. This result can be explained by the fact that only the 
glutaric acid-sodium bicarbonate and Tablet E lost a significant amount 
of reactivity a t  50" storage whereas all tablets lost reactivity a t  the 75% 
RH storage condition. 


The three-way and four-way interactions, calculated by analysis of 
variance to be statistically significant, were ignored since the significance 
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Figure 4-Index of reactiuity analysis for L X M interaction. Key: 0, 
75% RH storage condition; and A,  50" storage condition. 


in the higher order interactions was probably caused by the strong 
common factor of storage time ( M ) .  


Analsis of Tablet  Porosity Using PPGTER-Analysis of variance 
shows four significant differences in PPGTER values, a t  the 0.01 level, 
caused by the factors of J ,  M ,  J X M ,  and J X L. None of the other factors 
and interactions were significant. In a plot of both interactions (Figs. 5 
and 6), the sodium dihydrogen citrate-sodium bicarbonate tablet values 
of PPGTER remain approximately constant. 


Analysis of J X L by NK testing and plotting (Fig. 5) shows significant 
differences within tablets a t  the two storage conditions with the exception 
of the sodium dihydrogen citrate-sodium bicarbonate tablet formulation. 
The citric acid-sodium bicarbonate and citric acid-sodium glycine car- 
bonate tablets appeared to have low PPGTER values a t  50" and high 
values a t  75% RH. The reverse was true for glutaric acid-sodium bi- 
carbonate and Tablet E where the PPGTER values a t  75% RH storage 
were lower than those at 50" storage. This interchange of values, causing 
the differences to perhaps cancel each other, probably eliminated the 
significance of L from the analysis of variance. Analysis of the J X M 
interaction (Fig. 6) shows that there was no significant difference between 
the citric acid-sodium bicarbonate and citric acid-sodium glycine car- 
bonate tablets. The sodium dihydrogen citrate-sodium bicarbonate 


I 


A B C D E 
TABLET FORMULATION 


Figure 3-Index of reactivity analysis for J X M interaction. Key: A,  
initial (0 week); X, 2 weeks of storage; 0, 4 weeks of storage; A ,  citric 
acid-sodium bicarbonate; B, sodium glycine carbonate-citric acid; C, 
sodium dihydrogen citrate-sodium bicarbonate; D, glutaric acid-sodium 
bicarbonate; and E ,  Tablet E. 


TAB LET FORM U LATl ON 


Figure 5-Percent pores greater than experimental range (PPGTER) 
analysis for J X L interaction. Key: 0, 75% RH storage condition; A,  
50" storage condition; A,  citric acid-sodium bicarbonate; B, sodium 
glycine carbonateecitnc acid; C, sodium dihydrogen citrate-sodium 
bicarbonate; D ,  glutaric acid-sodium bicarbonate; and E ,  Tablet E. 
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Figure 6-PPGTER analysis for J X M interaction. Key: A, initial (0 
week); X, 2 weeks of storage; 0,4 weeks of storage; A, citric acid-sodium 
bicarbonate; B, sodium glycine carbonate-citric acid; C,  sodium dihy- 
drogen citrate-sodium bicarbonate; D, glutaric acid-sodium bicar- 
bonate; and E ,  Tablet E. 


tablets appeared to be lower in value and remained unchanged. As already 
shown, most of the significance came from the glutaric acid-sodium bi- 
carbonate and Tablet E alone being greatly different from their initial 
values compared with the other tablets. The values a t  2 and 4 weeks 
showed no significant differences, indicating that the loss in PPGTER 
stability occurred within the first 2 weeks of storage. 


Analysis of variance of IR values shows the sodium glycine carbon- 
ate-citric acid tablet to be good in comparison with the standard tablet 
(citric acid-sodium bicarbonate). There is also an indication that while 


0 
2 4 6 8 
STORAGE TIME, weeks 


Figure 7-Auerage final weight loss of carbon dioxide (WF) at each 
storage condition and t ime for Tablets A (A) ,  B (O), and C (0). Open 
figures represent the 75 % RH storage condition; closed figures represent 
the 50° storage condition. 


0 
2 4 6 8 


STORAGE TIME, weeks 
Figure 8-Auerage index of reactiuity (Id at each storage condition 
and time for Tablets A (A) ,  B (O), and C (0). Open figures represent 
the 75% RH storage condition; closed figures represent the 50' storage 
condition. 


low in its IR value, the sodium dihydrogen citrate-sodium bicarbonate 
tablet is quite stable. When restricting the discussion to these three 
formulations, analysis of variance of PPGTER shows that the sodium 


I I I I 
2 4 6 8 


STORAGE TIME, weeks 
Figure 9-Auerage reaction rate constant (k) at each storage condition 
and time for Tablets A (A), B (O), and C (0). Open figures represent 
the 75% RH storage condition; closed figures represent the 50" storage 
condition. 
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Figure 10-Relationship between IR and PPGTER. 


dihydrogen citrate composition underwent the least amount of internal 
structural changes, with the sodium glycine carbonate composition being 
second best. In addition, plots of the different reactivity data parameters 
( k ,  WF, and I R )  in Figs. 7-9 show that the sodium glycine carbonate-citric 
acid tablet and the standard tablet were quite similar in initial reaction 
rate (Fig. 9); but on storage a t  75% RH, the standard tablet lost -67% of 
its carbon dioxide-producing capacity ( W F )  compared with a 50% loss 
for the sodium glycine carbonate composition tablet (Fig. 7). The sodium 
dihydrogen citrate-sodium bicarbonate tablet retained its carbon diox- 
ide-producing capacity at both storage conditions (Fig. 7); therefore, the 
low I R  values of the tablet (Fig. 8) were caused by low reaction rates ( k )  
alone and not a combination of both WF and k losses over time as would 
be indicated by Eq. 1. 


I t  was shown that both the IR  PPGTER values are significantly af- 
fected by storage time. I t  appears that a correlation should exist between 
PPGTER and I R .  If it is assumed that the loss of reactivity is caused by 
the slow premature reaction of the tablets, then the loss of the reacting 
compounds to form the escaping carbon dioxide could alter the pore 
structure of the tablet by causing new pores to be formed and old pores 
to become larger. 


A correlation does exist between PPGTER and I R  and is shown when 
the average PPGTER values for 0,2,  and 4 weeks in 75% RH storage are 
plotted against the log of the average IR  values a t  0, 2, and 4 weeks of 
storage a t  75% RH for the standard tablet, citric acid-sodium glycine 
carbonate, glutaric acid-sodium bicarbonate, and Tablet E (Fig. 10). For 
those tablets whose stability decreases in the 75% storage condition, the 
log of I R  decreases as the PPGTER increases. 


Thus far, porosity has been limited to a discussion of PPGTER only. 
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Figure 1 I-Cumulative pore volume of the citric acid-sodium bicar- 
bonate tablet in the 75% RH, 25O storage condition. Key: 0, initial (0 
week); A, 2 weeks of storage; and 0 , 4  weeks of storage. 
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Figure 12-Cumulative pore volume of the sodium glycine carbon- 
ate-citric acid tablet in the 75% RH 25O storage condition. Key: 0, 
initial (0 week); A, 2 weeks of storage; and 0 , 4  weeks of storage. 
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Figure 13l-Cumulatiue pore volume of the sodium dihydrogen ci- 
trate-sodium bicarbonate tablet in the 75%, RH,  25' storage condition. 
Key: 0, initial (0 week); A, 2 weeks of storage; and 0, 4 weeks of 
storage. 


Mercury intrusion measurements can be presented graphically to illus- 
trate the changes that occur in the tablet pore structure. 


Examination of the mercury intrusion datalo for the standard tablet 
stored in the 75% RH condition (Fig. 11) shows that at  10 psi, the smallest 
pore intruded by mercury was -9 pm in radius. In the initial porosity 
determination, a negligible amount of mercury was intruded a t  pressures 
of <10 psi when compared to the total amount intruded. However, a t  the 
2- and 4-week determinations, the amount of mercury intruded into pores 
-29 pm in radius amounted to -50% of the total mercury intrusion. In 
addition, the 2- and 4-week determinations revealed a greater total 
amount of mercury intruded compared to the initial determination. This 
finding indicates that as the tablet is exposed to the relative humidity 
of the storage condition, the pore structure of the tablet increases in total 
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Figure 14-Cumulative pore volume of the glutaric acid-sodium bi- 
carbonate tablet in the 75% RH, 25" storage condition. Key: 0, initial 
(0 week); A, 2 weeks of storage; and 0 , 4  weeks of storage. 


lo Although mercury intrusion measurements were made up through 15,000 psi, 
there was no significant intrusion beyond 4000 psi, and the mercury intrusion data 
plots are therefore not plotted beyond 4000 psi. 
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Figure 15-Cumulatiue pore volume of Tablet E in the 75% RH, 25’ 
storage condition. Key: 0,  initial (0 week); A, 2 weeks of storage; and 
D, 4 weeks ofstorage. 


volume and the larger pores become a larger part of the pore-size distri- 
bution. 


The use of the PPGTER values as a porosity indicator is supported 
by the distribution plots (Figs. 11-15). Tablets with storage time and 
storage condition combinations that produced large PPGTER values 
show up in the plots as having increased total mercury intrusion, with 
the distribution shifted toward the large pore sizes. For example, the J 
X M interaction in the PPGTER analysis in Fig. 6 shows that the glutaric 
acid-sodium bicarbonate and Tablet E had very high PPGTER values 
after 2 and 4 weeks. Figures 14 and 15 dramatically show the shift to larger 
pore sizes and the increased total mercury intrusion volume. 


With the mercury intrusion plots, the differences in tablet pore 
structure caused by the different storage conditions for the standard, 
sodium glycine carbonate, glutaric acid, and sponsor composition tablets 
can be visualized as well as the stability of the sodium dihydrogen citrate 
composition tablet. Some resistance to higher humidity storage can be 
seen in the glutaric acid tablet (Fig. 14), supporting the earlier I R  data, 
in that a dramatic shift in pore distribution to large pore sizes occurred 
a t  the 4-week point and not a t  the 2-week point, as was seen with some 
other formulations (Figs. 11,12, and 15). 


SUMMARY 


1. Mercury intrusion porosimetry was shown to be a useful tool in 
helping to elucidate pore structure changes in effervescent tablets. 


2. The use of the index of reactivity ( I R )  proved to be a successful in- 
dicator of effervescent tablet reactivity, combining both the amount of 
carbon dioxide generation and the reaction rate of the effervescent re- 
action. 


3. The stability study of the selected experimental effervescent sys- 
tems appeared to show that the manufacturing condition factor had little 
effect on the stability of the effervescent tablets studied, including the 
standard tablet of citric acid-sodium bicarbonate, which is well known 
as being sensitive to manufacturing conditions. This lack of effect on the 
standard tablet could be due to the materials used to make the tablets 
not having been exposed to the different manufacturing conditions long 
enough to influence stability significantly. 


4. Statistical analysis did not demonstrate a statistically significant 
compression pressure factor ( K ) .  The stability of effervescent tablets 
apparently was not affected by the pressure a t  which the tablets were 
manufactured. 


5. The study of effervescent systems showed that the stability of the 
effervescent tablet was dependent on the tablet formulation, storage 
conditions, and length of time the tablet was stored. 


6. The citric acid-sodium glycine carbonate tablet appears to have 
better reaction properties and reaction property stability than does the 
standard citric acid-sodium bicarbonate tablet. The sodium dihydrogen 
citrate-sodium bicarbonate tablet appears to be inferior in reaction 
properties and reaction property stability to the standard tablet. How- 
ever, the sodium dihydrogen citrate composition tablet was the only 
system to retain high WF values in the 75% RH storage condition (Fig. 
8), although its reaction rate ( K )  was lower than the other tablets and did 
decrease with time (Fig. 10). 
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Abstract 0 Quantitative structure-activity relationships (QSAR) were 
derived for a number of 2,6-mono- and disubstituted purines. The derived 
equations relate the anticancer activity in murine Adenocarcinoma 
CA755 to the molar refractivity of substituents a t  position 2 and elec- 
tron-withdrawing effects of substituents a t  position 6. A QSAR was also 
derived for the acute toxicity (LDso) of substituents a t  position 6. The 
results suggest that toxicity is relatively independent of the nature of the 
substituent. 


Keyphrases 0 Anticancer activity-of purines, prediction of activity 
against Adenocarcinoma CA755 and toxicity in mice 0 Purines-anti- 
cancer activity, prediction of activity against Adenocarcinoma CA755 
and toxicity in mice, structure-activity relationship 0 Structure-activity 
relationships-of purines, prediction of activity against Adenocarcinoma 
CA755 and toxicity in mice 


Purine (I) and purine nucleosides comprise a very im- 
portant class of potential anticancer agents (I). Many 
hundreds of purine analogs have been synthesized (2) and 
tested for their anticancer properties. Of the purine bases, 
only mercaptopurine and thioguanine have found general 
usage in the clinical treatment of cancer (3). 


In a previous study (4) it was demonstrated that quan- 
titative structure-activity relationships (QSAR) were 
possible with purines in spite of the fact that  the purine 
ring system is not typically aromatic (5). In the present 
study quantitative structure-activity correlations were 
derived for the in uivo activity and toxicity of a number of 
2- and 6-substituted purines against the murine solid 
tumor Adenocarcinoma 755(CA755). 


It has been pointed out (6) that CA755 is a test system 
that is artificially sensitive to purines. Under the protocols 
for testing drugs against CA755 (7) many purines prove to 
be impressively carcinostatic and sometimes carcinolytic. 
However, these test conditions, in which the drug is ad- 
ministered 24 hr after tumor implantation, reflect treat- 
ment during early stages of the disease. It has been shown 
(6) that, if treatment is delayed until the disease is well- 
advanced, a situation more typical of that encountered in 
humans, these purines are not as effective. The principal 
value in using data from a sensitive system such as CA755 
is that the effect of subtle structural changes on the activity 
may be easily discerned. The ultimate effectiveness of any 
analog against other animal or human tumors would still 
have to  be determined. 


EXPERIMENTAL 


The substituted constants employed in this study included the hy- 
drophobic parameter 7r and the Swain-Lupton field and resonance con- 


stants 3 and R (8). The molar refractivity (MR) was used as a measure 
of steric bulk (8). The physicochemical parameters which appear in the 
correlations are given in Table I. Substituent constants were taken from 
the recent literature (9). Values of 7r not available from the literature were 
calculated by the additive method (10); MR values were calculated from 
Vogel’s bond refraction values (11). 


It should be noted that the 7r values used in this study were determined 
in an aromatic system, i.e., from benzene derivatives. Purine, on the other 
hand, is a nitrogen heterocycle and substituents on the purine ring may 
undergo various perturbations due to inter- and intramolecular associ- 
ations with the ring nitrogens. It is quite possible that K values for purine 
substituents would differ considerably from those of their benzene ana- 
logs. The major deviations from standard K values would be expected for 
substituents a t  positions 2 and 8, both of which are adjacent to two-ring 
nitrogen atoms. The 6 position, on the other hand, may be similarly af- 


Table I-Physicochemical Parameters  


Substituent 7r R MR 


Hydrogen 
Methyl 
Cyano 
Chloro 
Bromo 
Iodo 
Methoxy 
Ethoxy 
n-Propoxy 
Amino 
Methylamino 
Dimethylamino 
Trimethylammonium 
Benzamido 
Hydrazino 
Hydroxylamino 
Methylthio 
Ethylthio 
n-Propylthio 
n-Butylthio 
iso-Butylthio 
sec-Butylthio 
2’-Propynylthio 
Cyanomethylthio 
Cyclopentylthio 
Phenylthio 
Thiocvanate 
2-Imidazolinthio 
l’-Methyl-4’-nitroimidazol-5’-ylthio 
Benzylthio 
3.4-Dimethylbenzylthio 
o-Chlorobenzylthio 
o-Fluorobenzylthio 
o-Nitrobenzylthio 
m-Chlorobenzylthio 
p-Fluorobenzylthio 
2’-Pyridylmethylthio 
Methylsulfonyl 
Ethylsulfonyl 
n -Propylsulfonyl 
n-Butylsulfonyl 
Fluorosulfonyl 
Sulfonamide 
N-Methylsulfonamide 
N-n -Propylsulfonamide 
N-iso-Butylsulfonamide 
N’-3’-Methoxypropylsulfonamide 
N-2’-Ethoxyethylsulfonamide 
N-Benzvlsulfonamide 


0 
0.56 


-0.57 
0.71 
0.86 
1.12 


-0.02 
0.38 
1.05 


-1.23 
-0.47 


0.18 
-5.96 


0.49 


-1.34 
0.61 
1.07 
1.57 
2.07 
2.16 
2.16 
1.01 


-0.23 
2.25 
2.32 
0.41 
0.63 
0.27 
2.57 
3.57 
3.53 
2.96 
2.29 
3.28 
2.96 
1.16 


-1.63 
-1.13 
-0.63 
-0.13 


0.05 
-1.82 
-1.32 
-0.32 


0.23 
-0.34 
-0.44 


0.19 


-0.88 


0 
-0.13 


0.19 
-0.15 
-0.17 
-0.19 
-0.51 
-0.44 
-0.45 
-0.68 
-0.74 
-0.92 


0 
-0.27 
-0.71 
-0.40 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
0.22 
- 
- 
- 
0.22 
0.19 
- 
- 
- 
- 
- 
- 


0.103 
0.565 
0.633 
0.603 
0.888 
1.394 
0.787 
1.247 
1.706 
0.542 
1.033 
1.555 


3.464 
0.844 
0.722 
1.382 
1.842 
2.357 
2.819 
2.819 
2.819 
2.141 
1.869 
2.994 
3.429 
1.340 
2.741 
3.582 
3.793 
4.680 
3.484 
3.780 
4.410 
4.234 
3.780 
3.633 
1.349 
1.814 
2.279 
2.743 
0.865 
1.228 
1.712 
2.643 
3.282 
3.285 
3.242 
4.053 


- 
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Table 11-Observed a n d  Predicted CA755 Activity of Mono- and  
Disubstituted Pur ines  


Table  111-Observed and  Predicted Toxicities of 6-Substituted 
Pur ines  


log( 1/c ) 
Ob- Pre- 


Number Compound served dicted I Alog(l/C) I 
I Purine Inactive 4.18 - 


I1 6-Chloro 4.23 4.08 0.15 
I11 6-Bromo 4.50 4.06 0.44 
IV 6-Iodo 4.52 4.03 0.49 
V 6-Methoxv 3.00 3.65 0.65 


VI  6-n-Propixy 
VII 6-Hydrazino 


VIII 6-Trimethyl- 
ammonio 


IX  6-Methvlthio 


3.42 3.73 0.31 
3.22 3.42 0.20 
4.34 4.26 0.08 


4.51 4.04 0.47 
X 6-Ethyfihio 4.45 4.04 0.41 


XI  6-Methylsulfonyl 4.04 4.52 0.48 
XI1 6-Sulfonamide 4.26 4.48 0.22 


XI11 2-Methyl-6-amino 3.23 3.19 0.04 
XIV 2-Chloro-6- 3.37 3.10 0.27 


XV 2-Bromo-6-amino 2.56 3.04 0.48 
XVI 2-Amino-6-chloro 4.05 3.82 0.23 


XVII 2-Amino-6-bromo 3.91 3.80 0.11 
XVIII 2-Amino-6-iodo 3.91 3.78 0.13 


XIX 2-Amino-6-methyl- 4.04 4.26 0.22 


methylamino 


sulfonyl 


methylamino 
XX 2-Dimethylamino-6- 3.12 2.65 0.47 


XXI 2,6-Bishydrazino 2.77 3.02 0.25 


XXIII 2-Flurosulfonyl-6-chloro 3.18 3.67 0.49 
XXII 2,6-Bis(methyl sulfonyl) 3.64 3.63 0.01 


a C is the concentration (moles/kg) which produced a tumor weight regression 
= 80%). * From Eq. 1. 


fected but to a lesser extent since substituents are N to only one-ring ni- 
trogen. This effect was tested by examining the T values of a number of 
2-substituted pyridines in comparison with normal ir values. Substituents 
were CN, CI, Br, COCH:3, CH3, CzHs, CH30, NH?, NHCOCHa and NOn. 
The following relationship was found: 


T pyridines = 0.38(f0.17) + 0.49(&0.22) T aromatics 
n = 10; r = 0.576; s = 0.227; F1.9 = 27.06 ( p  < 0.001) 


This relationship which was derived for some widely diverse substit- 
uents suggests that normal aromatic T values may be employed a t  posi- 
tion 6 with relative safety. 


Antitumor data (Table 11) were collected by the Drug Evaluation 
Branch, National Cancer Institute (NCI), according to the protocols (7) 
mentioned previously. A tumor fragment was implanted subcutaneously 
and treatment was initiated 24 hr later. The drug was administered daily 
for 11 consecutive days (QD1-11). On the twelfth day the animals were 
sacrificed and the tumor was excised and weighed. A compound is con- 
sidered active in this system if it produces a tumor weight regression 
>58% (T/C 542%) compared to controls. 


In the present study, a computer search was made of the NCI biological 
database for active 2-, 6-, and 8-substituted purines. 8-Substituted 
purines do not appear in the final correlation because there were too few 
active compounds to warrant their inclusion. Compounds containing SH 
or OH groups were excluded because these drugs exist as t.automers and 
no true substituent constants are available. Admittedly, this may narrow 
the conclusions somewhat. It, has been shown, however, tha t  one of the 
active forms of mercaptopurine and thiogaunosine is the 6-methylthio 
derivative of each of those compounds obtained hy in U Z L Y )  S-methylation 
(12), and these analogs have been included in this study. Aminopurines, 
which have been shown to exist mainly in the NH2 form (13),  were in- 
cluded. Dose response plots were generated and the standard biological 
response was taken at  T/C = 20%. C is the dose (moles/kg) that produces 
this response. 


The toxicity correlation was restricted to 6-monosubstituted purines, 
since these comprise the major portion of purine bases tested by the NCI. 
The biological database was searched for those compounds for which a 
dose-response curve could be constructed and which showed reproducible 
toxicity. The LDho (Table III), in moles/kg, was calculated by the probit 
method (14) from toxicity day (Day 11) survivors (15). 


RESULTS AND DISCUSSION 


Equation 1 was generated from the data in Tables I and 11. The de- 
velopment of Eq. 1 is given in Table IV. 


log ( 1 /LDw) 
Ob- Pre- lAlog(l/ 


Number Substituent served dicted“ LDs0)I 


I Purine 
I1 Chloro 


I11 Bromo 
IV Iodo 
IX Methylthio 
X Ethvlthio 


XXIX Cvlno 
XXX Ethoxy 


XXXI Amino 
XXXII Hydrazino 


XXXIII n-Proovlthio 
XXIV n-BuCyithio 


XXXV iso-Butylthio 
XXXVI sec-Butylthio 


XXXVII 2’-Propynylthio 
XXXVIII Cyanomethylthio 


XXXIX Cyclopentylthio 
XL Phenylthio 


XLI 2’-Imidazolinylthio 
XLII l’-MethylL4’-nitro- 


imidazol-5’-ylthiob 
XLIII Benzylthio 
XLIV 3’,4’-Dimethyl. 


benzylthio 
LXV o-Chlorobenzylthio 


XLVI o-Fluorobenzylthio 
XLVII o-Nitrobenzylthio 


LXVIII m-Chlorobenzylthio 
L p-Fluorobenzylthio 


LI 2’-Pyridylmethylthio 
LII Ethylsulfonyl 
LII n-Propylsulfonyl 


LIV n-Butylsulfonyl 
LV N-Methylsulfon- 


amido 
LVI N-n-Propylsulfon- 


amido 
LVII N-iso-Butylsulfon- 


amido 


sulfonamido 


sulfonamido 
LX N-Benzylsulfonamido 


LVIII N-3’-Methoxypropyl- 


LIX N-2’-Ethoxyethyl- 


Nontoxic 2.91 
2.73 2.91 
2.79 2.94 
2.96 3.00 
3.16 3.07 
3.04 3.09 
3.26 3.10 
3.24 3.08 
3.10 3.18 
3.24 3.19 
3.21 3.12 
3.06 3.14 
3.15 3.12 
3.02 3.12 
3.12 3.16 
3.35 3.29 
3.23 3.14 
3.32 3.22 
3.38 3.33 
3.60 3.55 


3.13 3.25 
3.20 3.28 


3.04 3.05 
3.31 3.19 
3.42 3.41 
3.22 3.23 
3.28 3.19 
3.38 3.43 
3.30 3.41 
3.39 3.43 
3.43 3.44 
3.53 3.42 


0.18 
0.15 
0.04 
0.09 
0.05 
0.16 . ~~ 


0.16 
0.08 
0.05 
0.09 
0.08 
0.03 
0.10 
0.04 
0.06 
0.09 . .~ 


0.10 
0.05 
0.05 


0.12 
0.08 


0.01 
0.12 
0.01 
0.01 
0.09 
0.05 
0.11 
0.04 
0.01 
0.11 


3.43 3.45 0.02 


3.58 3.50 0.08 


3.48 3.58 0.10 


3.57 3.59 0.02 


3.58 3.65 0.07 


a From Eq. 3. * Azathioprine. 


log(l/C) = 4.26(f0.24) - 0.47(&0.37) MR(2) + 1.18(&0.55) Y< (6) 
n = 22; r = 0.815; s = 0.372 (Eq. 1) 


Equation 1 relates the CA755 antitumor potency of 2,6-mono- and 
disubstituted purines to the molar refractivity of substituents at  position 
2 and the resonance constant Y? at position 6. The  negative coefficient 
of the MR (2) term indicates that bulky substituents at  position 2 are to 
be avoided for maximum potency in this tumor system. The larger pos- 
itive coefficient of the ‘R term suggests that potency in CA7.55 is pre- 
dominantly influenced by the resonance effect of groups at  position 6. 
Strong electron-withdrawing groups would be expected to increase po- 
tency. This is consistent with the observation that the 6-methylthio de- 
rivative (Y{ = -0.11) routinely produced complete t,umor regression (T/C 
= 0%) a t  doses of 20 mg/kg. The 6-methoxy derivative ( f<  = -0.51), by 
comparison, requires -10 times as much drug (250 mg/kg) to produce 
the same effect. 


The 6-halo analogs (6-C1,6-Br, and 6-1) have ahout the same f< values 
(-0.15, -0.17, and -0.19) as the 6-methylthio derivative and exhihit 
about the same potency as the latter. The 6-thiocyanate derivative fi = 
f0.19) was an outlier and was not included in Eq. 1. It was, however, one 
of the most potent compounds tested by the NCI, producing complete 
tumor regression a t  -7 mg/kg. This analog may be, as suggested previ- 
ously (16), a masked form of mercaptopurine, which may be produced 
by in oioo reduction. 


The correlation coefficient of Eq. 1 is quite reasonable, considering the 
inherent variability in tumor weigh measurements. It accounts for -66% 
of the variance in the biological data ( r2  = 0.661). 


Equation 2 ,  a toxicity correlation, was derived from the data in Tables 
I and I11 and includes only 6-thiopurines: 
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Table IV-Development of Equation 1 


Intercept MR(2) 3 (6) r S F1,z P Equation 


4.03 -0.72 - 0.560 0.519 Fi,zl = 9.16 <0.01 A 
4.13 - 1.39 0.736 0.424 Flqzl = 23.63 <0.001 B 
4.26 -0.47 1.18 0.815 0.372 FI m = 6.92’ <0.025 C 


This F value was obtained in comparison with Eq. B. 


Table V-Development of Equation 3 


Intercept 7d6) MR (6) r S F1.X P Equation 
~ ~~ 


3.30 -0.05 - 0.342 0.202 F1.35 = 4.49 <0.05 A 
3.04 - 0.08 0.452 0.192 F1.35 = 8.73 <0.01 B 
2.89 -0.15 0.19 0.908 0.092 F1.34 = 116.06‘ <0.001 C 


This F value of Eq. C is obtained in comparison with Eq. B 


log(l/LDso) = 2.95(f0.12) - 0.14(f0.02)~ (6) + 0.17(f0.04)MR (6) 
n = 29; r = 0.911; s = 0.076 (Eq. 2) 


Equation 2 indicates that toxicity of 6-substituted thiopurines is in- 
fluenced to about the same extent by the lipophilicity and bulkiness of 
groups at  position 6. Toxicity would be expected to decrease with in- 
creasing lipophilicity. Bulky groups would be expected to increase the 
toxicity. To ensure that this was not a phenomenon peculiar to 6- 
thiopurines, seven additional compounds without sulfur bonds (11-IV, 
XXIX-XXXII) were included in the following: 


log(l/LD50) = 2.89(10.08) - 0.15(f0.03)a (6) + 0.19(f0.03) MR (6) 
n = 36; r = 0.908; s = 0.092 (Eq. 3) 


The development of Eq. 3 is given in Table V. Equation 3 is identical 
to Eq. 2 and appears to express a general structure-activity relationship 
for 6-substituted purines. In Eq. 3, the positive effect of increasing K (6) 
in order to decrease toxicity is offset by the toxicity-increasing effect of 
MR (6). This phenomenon has been observed in other systems’, but the 
biochemical implications are not at  all clear. There is some intercorre- 
lation between MR (6) and K (6) (arc cos 0.38 = 68O) (17) as might be 
expected. 


Equation 3 reflects the rather limited range of toxicities of 6-mono- 
substituted purines (Table 111). Viewed together with Eq. 3, Eq. 1 suggests 
that, other things being equal, the development of more potent 6-sub- 
stituted purines is not likely to result in a substantial increase in tox- 
icitv. 


Few cancer QSAR studies have been published to date (18). This may 
be due both to the complexity of the problem and the nature of the data. 
Nevertheless, those studies that have been published show that cancer 
data will yield reasonable structure-activity correlations (15,19,20). In 
the present study, an attempt has been made to employ tumor weight 
inhibition data and standard physicochemical parameters in order to 
derive QSAR for an important class of antitumor agents. The correlations 
presented are reasonable and consistent with the data. The results suggest 
that other biological data obtained from the study of purines (enzyme 
inhibition data, in uiuo survival data, e tc . )  may yield satisfactory corre- 
lations as well. 


Personal communication, C. Hansch, Seaver Chemistry Laboratory, Pomona 
College, Claremont, CA 91711. 
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Abstract  0 Specific, sensitive, reversed-phase high-pressure liquid 
chromatographic assays of clofibric acid esters, clofibrate and etofibrate, 
and their hydrolysis products, clofibric acid and its monoglycolate and 
nicotinic acid and its monoglycolate, have been developed in aqueous 
solution and in biological fluids. Sensitivities of 100 ng/ml of injected 
mobile phase, a 10-fold increase over existing methods, are reported. 
Plasma concentrations as low as 200 ng/ml can be analyzed easily in the 
miscible phase after acetonitrile denaturation. The compounds and their 
products can be extracted with haloalkane solvents. The extracts were 
evaporated, reconstituted, and assayed in minimal amounts of mobile 
phase, resulting in sensitivities of 10 ng/ml of plasma. Conditions are 
presented that minimize interferences with plasma components. The 
assay was used to determine the stability of the clofibric acid esters in 
aqueous solutions, to establish log k-pH profiles at  various temperatures, 
and to evaluate Arrhenius parameters. Hydrolysis was by specific acid- 
base catalysis. The initial product of etofibrate solvolysis a t  pH > 6 is the 
monoglycol ester of clofibric acid; a t  pH < 3, it is the monoglycol ester 
of nicotinic acid. Clofibric acid esters are highly unstable to mild alkali 
(1-3 hr a t  pH 10 and 30"); even in the estimated pH range of maximum 
stability, they have half-lives of 100-200 days a t  30°. They have half-lives 
of 4-7 min at  3 7 . 5 O  in fresh dog plasma, and data presented indicate that 
clofibric acid monoglycolate is an inital product of etofibrate solvol- 
ysis. 


Keyphrases 0 Clofibric acid-esters, stability evaluation and bioana- 
lysis by high-pressure liquid chromatography High-pressure liquid 
chromatography-stability evaluation and bioanalysis of clofibric acid 
esters a Stability-prediction and bioanalysis using high-pressure liquid 
chromatography, clofibric acid esters 


The pharmacokinetics of clofibrate, the ethyl ester of 
clofibric acid, a drug that decreases cholesterol and tri- 
glyceride levels (1-4), has not been reported. Only the 
derived clofibric acid (Scheme I), presumably the only 
observable material in plasma from clofibrate adminis- 
tration, has been monitored in plasma and urine. 


BACKGROUND 


Thorp (1) stated that clofibrate was rapidly hydrolyzed by tissue and 
serum to clofibric acid. His assay was of low sensitivity and was based on 
spectrophotometric determination in dilute alkali of p-chlorophenol. 
Subsequent authors (5-7) stated that clofibrate was rapidly hydrolyzed 
during or after absorption. 


GLC assays of clofibric acid have shown sensitivities of 1 gg/ml of 
plasma (8-10). Recently, a GLC method was proposed (11) for the si- 
multaneous assay of clofibric acid and clofibrate with a sensitivity limit 
of 10 pg/ml. It was proposed that sensitivity could be increased to 1 pg/ml 
by evaporation and reconstitution in less solvent. 


An evaluation of potential toxicity of the clofibric acid product of 
clofibrate led to temporary withdrawal of clofibrate from the market in 
1979 (12). This fact renewed interest in other clofibric acid esters such 
as etofibrate (Scheme 11), a glycol diester of clofibric acid and nicotinic 
acid, another hypolipidemic agent. I t  was postulated that efficacy could 
be effected through the intact molecule or the monoglycolate esters rather 
than through the biohydrolytic release of clofibric acid, the presumed 
source of the adverse reaction (12.13). 


Differences in hypolipidemic effects between clofibrate and etofibrate 
and possible differences in their rates of clofibric acid release in uiuo had 


CH, 0 
CI*O-T-COC2H, I II - H*O 


CH3 
clofibrate 


CH3 0 


I I 
CH, 


clofibric acid 


CH, 0 
I " II 


HOC-COH 
I 


CH3 


p-chlorophenol 2-hydroxy-2-methylpropanoic acid 
Scheme I-Hydrolysis of clofibrate. 


been discerned (12). The monoester products of microsomal transfor- 
mations (Scheme 11) and their etofibrate precursor were characterized 
by TLC, GLC, and mass spectroscopy (12), and studies were conducted 
on their stabilities to GI and blood esterases (13). 


This paper presents specific and simultaneous assays of clofibrate, 
clofibric acid, and etofibrate and its monoesters (Schemes I and 11). The 
high-pressure liquid chromatographic (HPLC) and extracting techniques 
developed resulted in sensitivities of 10 ng/ml of plasma, a 100-fold in- 
crease over existing methods. The determination of the partitioning of 
these compounds into organic solvents as a function of pH permitted 
optimal extraction conditions. The methods were applied to the deter- 
mination of the log k-pH stability profiles of the clofibric acid esters and 
their stabilities in plasma. Optimum conditions were established for their 
assays in biological fluids where transformations during storage and 
analysis did not occur. 


EXPERIMENTAL 


Materials-The following analytical grade materials were used: 
di-' and monobasic sodium2 and potassium3 phosphates, anhydrous so- 
dium acetate2, acetic acid2, volume concentrates of sodium hydroxide 
and hydrochloric acid4, boric acid', ACS methylene chloride5, and GLC, 
TLC, and UV grade chloroform and acetonitrilie6. Pure (GLC and TLC) 
clofibrate, etofibrate, clofibric acid, nicotinic acid, and clofibric acid 
monoglycolate reference standards7 were used as received. The nicotinic 
acid monoglycolate7 contained 5% glycol dinicotinate by TLC and GLC 
since further purification by distillation was not possible. The monoester 


~ ~~ ~~ 


Baker analyzed reagent, J. T. Baker Chemical Co., Phillipsburg, N.J. 
Mallinckrodt Chemical Works, St. Louis, MO 63160. 
Fisher Scientific Co., Chemical Manufacturing Division, Fair Lawn, N.J. 
Harleco, Philadelphia, PA 19143. 
Mallinckrodt, Paris, KY 40361. 


Clofibrate, batch 12976, analysis 1349; clofibrate, batch 12479, analysis 3579; 
clofibric acid, batch 1517, analysis F 1341; nicotinic acid, batch 22179, analysis 
F5951; clofibric acid monoglycolate, batch VR 27679; and nicotinic acid monogly- 
colate, batch 27679 Merz and Co., Chemische Fabrik, Eckenheimer Landstrasse 
100,6000 Frankfurt (Main), West Germany. 


6 Burdick & Jackson Laboratories, Muskegon, MI 49442. 
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clofibric acid monoglycolate nicotinic acid 


H,& 


etofibrate 


H 2 0 1  
HZOf 


CH, 0 0 


II-Q 
cl+O-C-COH I I1 + HOCH,CH20 


I 
CH3 


clofibric acid nicotinic acid monoglycolate 
Scheme 11-Pathways of etofibrate hydrolysis. 


is thermolabile, and considerable transesterification takes place at dis- 
tillation temperatures. 


Apparatus-A high-pressure liquid chromatographs equipped with 
a variable wavelength UV detectors was used with a reversed-phase al- 
kylphenyl columng and a radial compression CIS reversed-phase col- 
umnl0. A guard column" was used. Areas under the chromatogram peaks 
were measured by an integrator12. 


HPLC Procedures-Prepared buffer solutions of sodium acetate of 
known molarity were adjusted to a measured pH with acetic acid and 
filtered through a 0.45-pm filter. Solutions were generally 0.10 or 0.05 
M and were adjusted to pH 3.74 or 3.5, respectively. The mobile phases 
were mixtures of this buffer and acetonitrile or methanol. Their com- 
position and the HPLC conditions and retention times of various sub- 
stances are given in Table I. The mixed mobile phase was degassed under 
vacuum with simultaneous ultrasonication for 1 min. 


The variable-wavelength detector was adjusted to 225 nm for the si- 
multaneous analysis of clofibrate and clofibric acid or of etofibrate, clo- 
fibric acid monoglycolate, and clofibric acid. The maximum absorbance 
of clofibrate and clofibric acid was 223.5 nm with a weak absorbance 
maximum at 277 nm and a negligible absorbance a t  254 nm in water. The 
detector was set in the 263-268-nm range for the simultaneous analysis 
of nicotinic acid and nicotinic acid monoglycolate where the solvent peaks 
had less interference than a t  225 nm. Both nicotinic acid and its mono- 
glycolate had maximum absorbances a t  263 and 225 (or less) nm in mobile 
phase 111 with a minimal absorbance a t  238 nm. 


Solubilities of Clofibric Acid Esters-Plots of the spectrophoto- 
metric absorbance of clofibrate in water at its A,,, of 223.5 nm against 
molecular concentration at  room temperature showed an initial straight 
line through the origin of slope 1138, the molar absorptivity. Absorbance 
at  higher concentrations was characterized by a line of slope 67.4 and an 
intercept of 0.42 absorbance. These two straight line segments intersected 
a t  a clofibrate concentration of 4.0 X M ,  which was the solubility 
of clofibrate in water a t  room temperature. A previously reported (13) 
solubility was 0.004% (1.65 X M )  a t  22' in pH 7.4 phosphate 
buffer. 


Etofibrate (1 mg) was added to 10 ml of various solutions in the pH 
1-11 range (theoretically 2.75 X M ) .  The solutions were vortexed 
and filtered in a 0.45-pm syringe system. An aliquot (1.00 ml) of the fil- 
trate was diluted to 3.00 ml with acetonitrile that was 1.69 X M in 
the internal standard, thymol. A 25-pl aliquot was injected onto HPLC 


a Model 6000A solvent delivery system and U6K injector equipped with a 
variable-wavelength UV detector, model 450, and a WISP automatic injector sys- 
tem, Waters Associates, Milford, MA 01757. 


lo Radial compression RCM 100 with CIS, Waters Associates, Milford, MA 


l2 Hewlett-Packard model 3380A integrator, Avondale, Pa. 


pBondapak alkylphenyl, Waters Associates, Milford, MA 01757. 


Bondapak PhenylKorasil. Waters Associates, Milford, MA 01757. 
01757. 


I 
CH, 


clofibric acid 


nicotinic acid 


HOCH,-CH,OH 
ethylene glycol 


System I11 (Table I), and the etofibrate concentration was determined 
from a prepared calibration curve, concentration uersus peak height ratio, 
of etofibrate to thymol. 


At room temperature, the solubility of etofibrate, pKa 6.41 (12). a t  pH 
values 1 4 was 2.0 X M with solubilities of 3.8 X 10V M at pH 3,1.99 
X a t  pH 2, and > 2.5 X M a t  pH 1. A previously reported (13) 
solubility was 0.002% (5.5 X M )  a t  22" in pH 7.4 phosphate buffer. 
Thus, the best procedure in alkaline stability studies a t  20-30" was to 
add pH 2 solutions of etofibrate to the reaction solutions a t  the higher 
pH values so that the final concentration was 


The solubility of clofibric acid monoglycolate was reported previously 
(13) as 0.4% (0.0155 M )  in pH 7.4 phosphate buffer. 


Hydrolysis Kinetics-Weighted amounts of clofibrate, sufficient to 
give 1.4-3.8 X M clofibrate solvents in 10 ml of solvent or 2.9-3.3 
X M etofibrate in 20 ml of hydrochloric acid, were dissolved with 
vortexing in buffer thermally preequilibrated a t  the reaction temperature. 
Aliquots (50 and 200 pl for clofibrate and etofibrate acid solvolysis, re- 
spectively) were taken a t  timed intervals and mixed with reaction- 
quenching solution (50 and 400 p1 for clofibrate and etofibrate acid sol- 
volysis studies, respectively), which contained the internal standard, 
morphine sulfate for clofibrate studies and thymol for etofibrate. The 
quenching solution had sufficient hydrochloric acid or sodium hydroxide 
and acetate buffer solution to adjust the final pH of the quenched solution 
to the 4-5 range of high stability. 


Either a 25% methanol concentration in, or mobile phase composition 
of, the quenched solution of the clofibrate solvolysis studies gave a finer 
separation of the solvent front from clofibric acid in the chromatogram 
of System I (Table I). The quenched solution for all etofibrate studies 
in acid solution always had the same composition as the mobile phase and 
was injected onto System 111. In these clofibrate studies, the total con- 
centrations of clofibric acid and clofibrate in the assayed quenched so- 
lutions were 0.7-2.0 X and 2-5 X 10W M in morphine, respectively. 
The total concentration of etofibrate and i t s  acid solvolysis products was 
1 X M in the assayed quenched solution and 1.75 X M in 
thymol. 


The samples were tightly capped and kept refrigerated until inserted 
in the automatic injector to inject 25 pl. Some fast reaction studies in the 
alkaline range were effected by vigorous mixing, for a few seconds, 5 ml 
of thermally preequilibrated stock solutions of clofibrate with 5 ml of 
thermally equilibrated sodium hydroxide of twice the concentration 
desired in the final reacting mixture to be maintained in the constant- 
temperature bath. 


System I1 (Table I) was used for the clofibrate solvolysis studies in 
borate buffer (pH 9-10 a t  60") and in 0.01,0.03, and 0.06 N NaOH at 30" 
and for all other solvolysis studies for etofibrate that were not done in 
acid. The quenching solutions were prepared from concentrated buffer 
solutions and acetonitrile so that the solvent compositions of the 
quenched solutions to be injected approached those of the mobile phases. 


M in etofibrate. 
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RETENTION TIME, rnin 
Figure 1-Reversed-phase chromatograms at 225-nm UV detection 
for plasma assays of clofibrate (CF), etofibrate (ETO), clofibric acid 
(CA), clofibric acid monoglycolate (CAG), and the internal standard, 
thymol or morphine sulfate (MS). The  HPLCsystems and their mobile 
phases are given in  Table I.  Key: A ,  CF,  and C A  (6.25 X M i n  1 ml 
of plasma at pH 2.5, extracted with 4 ml of chloroform of which 2 ml was 
evaporated and reconstituted in  100 111 of  mobile phase that was 3.13 
X M in plasma 
mixed 1:1 with acetonitrile) on System I l l ;  C, C A  (2 X M i n  1 ml 
of plasma at pH 2.5, extracted with 4 ml of  chloroform of which 3 ml was 
evaporated and reconstituted in mobile phase) on System IV; D, assay 
of ETO degrading for 7.0 min  in  fresh dog plasma at 3 7 . 5 O  (initially 5.89 
X ZO-5 M in plasma, 0.5 ml adjusted to  pH 2.5, extracted with 3 ml of 
methylene chloride, of which I ml was evaporated and reconstituted 
in  0.75 ml of acetonitrile that was 1.625 X 10F5 M i n  thymol) on System 
VI; E,  assay of ETO degrading for 5.3 min  in  fresh dog plasma at 37.5O 
(initially 3.5 X M in plasma, mixed 1 :3 with acetonitrile) on System 
Vl; F,  ETO, CA, and CAG (5 X M i n  outdated human plasma) and 
mixed 1.2 with acetonitrile that was 1.625 X M in thymol) on 
System VI; and G ,  assay of ETO degrading for 12 min  in fresh dog 
plasma (initially 5 X M i n  plasma, mixed 1:3 with acetonitrile) on 
System VII .  


M in MS) on System I; B,  CF and C A  (5 X 


c 


' 2 ' 4 ' 6 ' 8 ' 1 0 ' 1 2 1 4  0 ' 2 ' 4 ' 6 2 3 4 5 6 


Figure 2-Reuersed-phase chromatograms at 225-nm UV detection 
(unless stated otherwise) of  clofibrate (CF), etofibrate (ETO), clofibric 
acid (CA),  clofibric acid monoglycolate (CAG), nicotinic acid mono- 
glycolate (NAG),  nicotinic acid (NA) ,  and the internal standards, 
morphine sulfate (MS) and thymol, injected into the mobile phase. The 
HPLC systems and their mobile phases are given in  Table I .  Key: A ,  CF 
and CA (2.5 X M) and MS (2.94 X lop5  M) on System I; B, CF and 
C A  (7.5 X MI on System II; Cand D, 
N A ,  NAG,  CA, CAG, and ETO (2.5 X lo-* M) on System I(225 and 263 
nm,  respectiuely); E, N A ,  NAG,  CA, CAG, and ETO (5 X M) and 
thymol(I.7.5 X l op4  M) on System I l l ;  F ,  N A ,  NAG, CA, CAG, and ETO 
(5 X 10-6 M) and thymol(1.625 X lop5  M) on System II;and G, ETO,  
CA, and CAG (7.5 X 10+ M) and thymol(1.625 X M) i n  Sys tem 
VI.  


RETENTION TIME, rnin 


M) and thymol(1.63 X 


Table I-Composition, Conditions, and Retention Times of Clofibrate (CF), Clofibric Acid (CA), Morphine Sulfate (MS), Thymol, 
Etofibrate (ETO), Clofibric Acid Monoglycolate (CAG), Nicotinic Acid Monoglycolate * (NAG), and Nicotinic Acid b (NA) in Various 
HPLC Systems 


Typical Retention Times, min 
Flow 


HPLCd Rate, Pressure Plasma 
System Mobile Phase ml/min psi Column CF ETO CA CAG NAG NA MS Thvmol Interferences 


I 50:50 acetonitrile-0.1 N 1.5 700 Akylphenyl 10.7 - 3.37 - - - 4.68 - <3.75 
acetate, pH 3.75 


acetate, pH 3.5 (8-mm i.d.) 
I1 50:50 acetonitrile-0.05 N 6.0 900 RCM 100 Cis 9.2 5.4 1.20 1.65 0.51 0.35 - 3.10 <3.0 


111 45:55 acetonitrile-0.1 N 1.5 750 Alkylphenyl 10.6 12.05 3.92 5.83 2.43 1.93 4.71 7.78 <2.65, 


IV 3565 methanol-0.1 N 1.5 1600 Alkylphenyl >40 - 14.4 - - - 6.51 - <4.2 
acetate, pH 3.75 6.30, 


16.23 


acetate, pH 3.75 7.55 


>40 5.4 - <0.3 <0.3 - - 0-2.7-8 V 5050 methanol-0.05 N 3.0 1500 RCM 100Cls - 


acetate, pH 3.50 (5-mm i.d.) 
2.5 0-1 VI 5050 acetonitrile-0.05 N 3.0 1000 RCM100Cin - 5.8 0.6 1.35 - - - . _  


acetate, pH 3.50 (5-mm i.dl) 
VII 3070 acetonitrile-0.5 N 3.0 600 RCM 100 C ~ R  5.1 8.6 - - - - 0-1.5, 


acetate, pH 3.50 (5-mm i.d.) 3.8 
Additional studies were performed for clofibric acid using the alkylphenyl column. The systems all had plasma interferences with clofibric acid and were, with 


(parenthetical) retention times (minutes) of clofibric acid: 5050 acetonitrile-0.1 N acetate, pH 7 (1.8); 4060 acetonitrile-0.1 N acetate, pH 3.75 (4.21); 5050 methanol-0.1 
N acetate, pH 3.75 (5.62); and 50:50 methanol-0.1 N acetate, pH 7.0 (3.36). with plasma interferences at 2.49,3.47,4.03, and 7.08 min. Some separation was effected with 
4060 methanol-0.1 N acetate, pH 3.75 (8.97) with plasma peaks at 4.81,5.83, and 7.56 min. System 1V gave the best separation of clofibric acid and plasma peaks that 
interfered with the peak for morphine. * Nicotinic acid and nicotinic acid monoglycolate were better separated on the RCM 100 CI8 column with 35:65 acetonitrile-0.05 
N acetate, pH 3.5, with retention times of 0.60 (NA), 1.00 (NAG), 2.50 (CAI, and 3.25 min (CAG) where ETO and thymol hung up on the column. All peaks were detected 
spectrophotometrically at 225 nm, except that NAG and NA were detected at 266 nm. Fifty microliters were injected into Systems I1 and V-VII; 25 pl was used in the 
other systems. 


_ -  
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MINUTES 


Figure 3-Semilogarithmic plots of clofibrate (solid line) and clofibric 
acid (dashed line) concentrations versus t ime for solvolyses in the acidic 
(System I )  and buffered regions (System I / )  T h e  samples were injected 
i n  pH 4-5 mobile phase. T h e  clofibric acid concentrations were fitted 
to  [clofibric acid] = C, (1 - e-kt), where C, is the  clofibric acid con- 
centration formed a t  inf ini te  t ime and k (Table I I I )  is the  apparent 
first-order rate constant for the first-order degradation of clofibrate. 


This procedure minimized negative injection peaks. 
In these clofibrate studies, the total concentrations of clofibrate and 


clofibric acid in the degrading and quenched solutions were 6.91 and 3.46 
X M, respectively. The maximum concentrations of etofibrate and 
its solvolysis products in the degrading solutions a t  higher temperature 
and in the quenched solution were 4 and 1 X M, respectively. Eto- 
fibrate was maintained in solution under these conditions. 


Calibration curves, usually a t  1.0-40 X M clofibrate (Systems I 
and 111) or 0.1-1.25 X M clofibrate ($stem II), were constructed 
with appropriate amounts of concentrated stock solutions of clofibrate, 
clofibric acid, etofibrate, clofibric acid monoglycolate, nicotinic acid 
monoglycolate in acetonitrile, nicotinic acid in pH 5 acetate buffer, and 
either thymol (acetonitrile) or morphine sulfate (aqueous as internal 
standards in 2 ml of mobile phase. Either 25 or 50 ~1 was injected onto 
the HPLC systems (Table 11). 


Buffer Solutions fo r  Solvolyses Studies-Phosphate buffers were 
prepared by mixing 0.10 N (for clofibrate solvolyses) and 0.05 N (for 
etofibrate solvolyses) mono- and dibasic potassium phosphate to obtain 
the desired pH. Borate buffers were prepared by mixing 0.10 or 0.05 N 
boric acid and sodium borate, or by mixing 0.025 N boric acid with con- 
centrated sodium hydroxide to an appropriate pH. Appropriate amounts 
of sodium chloride were added to maintain 0.1 ionic strengths. 


The pH meter was standardized a t  the reaction temperature with two 
standard buffers with known pH values at that temperature that strad- 
dled the pH of the desired reaction solution. The pH values of the pre- 
pared buffered solutions were read a t  the reaction temperature. 


I 
109 


0. 


MINUTES 


Figure 4-First-order plots of etofibrate concentrations i n  hydrochloric 
acid versus time. The  reacting solutions before dilution for injection on 
Sys tem I I I  and pH 4-5 mobile phase were 2.9-3.3 X lo-* M. 


Parti t ion Studies as Functions of pH-Solutions of 1.25 X lO@'M 
clofibric acid and clofibrate, separate and in combination, were prepared 
in 0.1 and 0.01 N HCI, in 0.1 N acetate buffer adjusted to pH 3.0,4.0, and 
5.0, and in 0.1 N phosphate buffer adjusted to pH 6.0 and 7.0. Aliqunts 
(2 ml) were extracted with 2 ml of methylene chloride with 5 min of mild 
shaking. After centrifugation for 5 min, the aqueous layer was removed 
by aspiration. Then 1 ml of the organic layer was evaporated under ni- 
trogen in a reaction vial and reconstituted in 100 pl of acetonitrile-water 
containing morphine sulfate (3.13 X lop5 M) as an internal standard; 25 
jd was injected onto the HPLC system with mobile phase I (Table I). 


The quantity extracted was determined from a calibration curve (Table 
11). Clofibric acid was extracted 102 f 5% a t  pH 1-4,60% a t  pH 5, 16% 
a t  pH 6, and 0 and 0.3% a t  pH 7.0 when alone and admixed with clofibrate. 
Clofibrate was extracted 85 f 3% over this pH range with no significant 
effects when alone; but when combined with clofibric acid, it showed only 
20% extraction. 


M 
clofibric acid and clofibrate was extracted with 4 ml of methylene chlo- 
ride, analysis revealed that 104 f 4% of the clofibric acid and 57 f 2% of 
the clofibrate were extracted. When 1.00 ml of plasma adjusted to pH 
2.5 was used, there was an interference of the plasma with the clofibric 
acid peak, but the recovery of clofibrate was similar. 


When the same procedure was used on spiked pH 2.5 aqueous solution 
with chloroform as the extracting solvent, 78 f 3% of the clofibrate and 
95 f 2% of the clofibric acid were extracted. From pH 2.5 pl,asma, 89% 
of the clofibrate was extracted, whereas the plasma impurity interfered 
with the clofibric acid assay. 


Similar studies were made on 2 ml of buffer solutions that were 5.56 
X M each in etofibrate and clofibric acid and its monoglycolate a t  
unit pH intervals of 1-10. Each buffer solution was extracted with 3 ml 
of methylene chloride by shaking for 10 min, aspirating off the aqueous 
phase, and evaporating under nitrogen 2 ml of the methylene chloride 
layer. The residue was reconstituted in 500 pl of mobile phase that was 
1.50 X M in thymol. A 50.~1 
aliquot was injected using System 11. All of the etofibrate and clofibric 
acid monoglycolate was extracted a t  pH 2-10, with 77% of the etofibrate 
extracted at  pH 1.0. The clofibric acid extraction was 97-100% at pH 1 4 ,  
69.5% a t  pH 5,20.3% a t  pH 6, and negligible at pH 1 7 .  


Assays of Clofibrate and Clofibric Acid in Plasma-Procedure A: 
Acetonitrile Deproteinization of Plasma-Acetonitrile (0.5 or 1.0 ml) 
was added to an equal volume of human or dog plasma. The mixture was 
vortexed and centrifuged for 10 min a t  3000 rpm; the internal standard 
morphine sulfate was added to the supernate, and 25 ~ 1 1  was injected in 
System I (Fig. 1A) or 111 (Table I). The latter system adequately, but not 
completely, separated the peak of a plasma impurity and clofibric acid 
in this procedure (Fig. 1B) but gave a good calibration curve for both 
(Study F, Table 11) a t  plasma concentrations of 5.0-40 X lO-5M. When 
such acetonitrile-denatured plasma was stored overnight and reassayed, 


When 1.00 ml of pH 2.5 aqueous solution containing 1.25 X 


M in the compounds and 1.63 X 


11 \ \ 
0 10 20 30 


MINUTES 


Figure 5-First-order plots of clofibrate Concentrations versus t ime 
a t  30' i n  various concentrations of sodium hydroxide (System I at 0.02, 
0.07, and 0.10 M NaOH and Sys tem I1 a t  0.01, 0.03, and 0.06 M 
NaOH).  
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Table 11-Typical Statistics a of HPLC Assays of Clofibrate (CF), Clofibric Acid (CA), Clofibric Acid Monoglycolate (CAG), 
Etofibrate (ETO). Nicotinic Acid Monoglycolate (NAG), and Nicotinic Acid (NA) in Accordance with lo5 C f SIOS,,, = (m f s , ) X +  
b f Sb 


Clofibrate Study 
HPLC 1 0 5 ~  xxx in 


Study System Range Compound X b  S 1 0 5 ~  z rn S", b r b  n r2 = 0.99xxx 


€3 


C 


D 


A I 


I 


11 


I1 


E 111 


F 111 


G IV 


H VI 


I VI 


.J v11 


2.5-25 
2.5-40 
2.5-40 


2.5-40 


1 .o-20 


0.1-1 .o 
0.1-1.25 
0.1-1.0 
0.1-0.75 
0.1-1.25 


0.1-1.25 


0.1-1.25 


0.1-1.25 


0.1 - 1.25 


1-10 
1-12.5 


1-12.5 


1-12.5 


1L12.5 


1-12.5 


5.0-40e 


0.25-2.0fa 


0.4-5.0'' 


0.5-5.0' 


0.5-5.0' 


CF 
CA 
CF 
CA 
CF 
CA 
CF 
CA 
CF 
CA 
CF 
CA 
ETO 


CAG 


CA 


NAG 


NA 


ETO 
ETO 


CAG 


CA 


NAG 


NA 


CF 
CA 
CF 
CA 
CA 


ETO 


CAG 


CA 


ETO 
CAG 
CAG 
CA 


PHR 


10-  PA 


PAR 


PHR 


PH 


PHR 


PH 
PHH 
PH 
PHR 
PH 
I'HR 
PH 
PHR 
PH 
PHR 
PH 
PHR 


PAR 
PH 
PHR 


PAR 
I' H 
PHH 
10-"A 
I'AK 
PH 
PHR 
10-"A 
PAR 
I' H 
PHR 
lO-:'PA 
PAR 
PH 


PHK 


1' H 
10-:'PA 
PH 
PHR 
I' H 
PHH 
PH 
I'HR 
PH 
PH 
PH 
PH 


10- PA 


10- PA 


0.64 
0.51 
0.63 
0.37 
0.10 
0.28 
0.09 
0.16 
0.007 
0.017 
0.007 
0.0096 
0.021 
0.039 
0.008 
0.011 
0.016 
0.017 
0.020 
0.027 
0.048 
0.030 
0.35 
0.34 
1.25 
0.27 
0.29 
0.90 
0.29 
0.33 
0.26 
0.24 
0.24 
0.20 
0.40 
0.33 
0.25 
0.28 
0.26 
0.19 
0.42 
0.08 
1.09 
0.59 
1.44 
1 .oo 
0.063 


0.21 
0.26 
0.081 
0.106 
0.160 
0.101 
0.042 
0.046 
0.032 


0.060 


7.00 
4.62 
0.01096 
0.00987 
6.44 
5.71 
6.17 
3.41 
0.1929 
0.0627 
1.696 
0.585 
0.116 
0.982 
0.0725 
0.628 
0.0643 
0.5.57 
0.123 
0.372 
0.109 
0.335 
0.91 


12.96 
0.0308 
7.81 
0.72 


11.13 
0.0566 


12.8'2 
0.61 
8.70 
0.0506 


11.48 
1.34 
4.76 
0.208 


10.84 
1.28 
4.53 
0.163 
9.74 
2.72 
1.55 


6.55 
0.45 
0.0016 
0.36.5 
4.78 
0.2289 
3.00 
0.341 
4.30 
0.465 
0.305 


11.5 


0.26 
0.08 
0.00022 
0.00012 
0.21 
0.05 
0.03 
0.03 
0.001 9 
0.001 2 
0.017 
0.011 
0.003 
0.039 
0.0006 
0.007 
0.001 1 
0.009 
0.003 
0.010 
0.005 
0.010 
0.03 
0.44 
0.0040 
0.22 
0.02 
0.93 
0.0017 
0.43 
0.02 
0.21 
0.0012 
0.23 
0.05 
0.16 
0.005 
0.31 
0.03 
0.09 
0.009 
0.08 
0.10 
0.03 
0.58 
0.23 
0.02 
o.OOO1 
0.020 
0.31 
0.0047 
0.08 
0.025 
0.19 
0.005 
0.004 


-1.16 
-1.41 
-0.76 
-2.09 
-0.44 
-1.78 
-0.17 
-0.13 
-0.010 
-0.0003 
-0.019 
-0.028 


0.02 
0.04 


-0.003 
0.0009 


-0.006 
0.005 


-0.010 
-0.03 
-0.04 
-0.07 
-0.13 
-0.08 


1.1 1 
-0.04 
-0.23 
-1.16 
-0.29 
-0.17 


0.05 
0.09 
0.03 
0.09 


-0.25 
-0.09 
- 1.09 
-0.20 
-0.14 


0.03 
0.05 


-0.44 
-1.84 
-2.93 
- 1.55 
-2.68 
-0.13 
-0.05 
-0.001 


0.1 1 
-0.26 
-0.14 
-0.02 


0.26 
-0.07 
-0.05 


0.54 4 
0.37 5 
0.44 5 
0.27 4 
0.07 5 
0.21 4 
0.06 6 
0.11 6 
0.006 5 
0.017 5 
0.006 5 
0.010 4 
0.02 6 
0.03 6 
0.006 6 
0.009 6 
0.019 6 
0.013 6 
0.016 6 
0.01 6 
0.04 6 
0.03 6 
0.27 5 
0.26 6 
0.86 6 
0.21 6 
0.23 6 
0.70 6 
0.23 6 
0.25 6 
0.20 6 
0.18 6 
0.18 6 
0.15 6 
0.32 6 
0.25 6 
0.21 6 
0.22 6 
0.21 6 
0.15 6 
0.44 5 
0.07 6 
1.00 5 
0.56 5 
1.3 5 
0.94 5 
0.06 5 
0.06 5 
0.165 6 
0.19 6 
0.07 6 
0.08 6 
0.27 5 
0.15 5 
0.03 6 
0.04 6 


735 
992 
882 
970 
997 
982 


965 
972 
897 
971 
926 
813 
387 
977 
947 
892 


833 
709 
058 
628 
503 
535 
60Oc 
697 
666 
289 
649 
560 
725 
759 
765 
838 
346 
562 
752 
671 
713 


151 
972 
568 
876 
247 
637 
413 
315 
831' 
302' 
832 
711 
973' 
593 
954 
944 


988 


a87 


a47 


0.357 0.003 -0.26 0.03 6 973 
~~ 0.163 0.524 0.022 0.22 0.12 6 303 - 


The concentrations, C. of clofibrate and clofibric acid are the molarities injected into the mobile phase except for Studies F and G .  Regressinns were performed on 
lo5 X C. The constants rn and b are the slope and intercept, respectively, where sl,yc s,. and S b  are the standard errors of estimate (14)  of 105 X concentration on the 
measured parameter of the slope and intercept, respectively. The dependent variables, X ,  are the parameters of measurement, i .e . ,  peak height (PH) ,  X peak area 
(PA), peak height ratio to that of the internal standard (PHR), and peak area ratio to that of the internal standard (PAR). The values of n and r2  are the numbers of data 
pairs and the square of the correlation roefficient, respectively. M morphine sulfate in the injected solutions of Studies A, B, and 
F; 1.6'25 X Concentration in original plasma diluted 1:l with 
acetonitrile and supernate injected. I Concentration in original plasma that was extracted and evaporated. with the residue reconstituted in 100 MI of mobile phase before 
injection. Concentration in original plasma (outdated human) that was diluted 1 2  with acetonitrile and 
the supernate injected. For 0.9Bxxx. I Concentration in original dog plasma diluted 1:D with acetonitrile and the supernate injected. Both Studies 1 and ,I were effected 
on same spiked plasma studies. 


The internal standard was 5.9 X 
M thymol in Studies C, D, and H; and 1.75 X lo-' M thymol in Study E. For 0.93xxx. For 0 . 9 7 ~ ~ ~ .  


Plasma componenh interfered with the peak of morphine. 


the peak height ratios to the internal standard did not change signifi- 
cantly, although the clofibric acid-plasma peak interference was more 
pronounced. 


Clofibric acid concentrations were best determined by injecting another 
aliquot into System IV (Table 1 and Fig. lC), although plasma compo- 
nents did interfere with the morphine sulfate peak. 


Procedure R: Chloroform Extraction of Plasma- Plasma (0.5 or 1.0 
ml) was extracted with 4 ml of chloroform with mild shaking for 10 min 
and was centrifuged for 10 min at  3OOO rpm. The aqueous layer was as- 


pirated, and 2 or 3 ml of chloroform was evaporated to dryness and re- 
constituted in 100 f i l  of mobile phase containing morphine sulfate as the 
internal standard. This procedure is more sensitive than Procedure A. 
Aliquots can be injected into Systems 1-111 for clofihrate assay (Fig. 1A) 
and into System IV, where plasma interferences are minimized, for clo- 
fibric acid assay (Fig. 1C and Study G ,  Table 11). 


Assays of Etofibrate and Its Solvolytic Products in Plasma- 
Procedure C: Acetonitrile Deproteinization of Plasma-Acetonitrile, 
with or without internal standard thymol, was added to 0.5.1, o r  2 ml of 
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Figure 6-Semilogarithmic plots of assayed concentrations of etofibrate (ETO), clofibric acid monoglycolate (CAC), c/ofibric acid (CA), and nicotinic 
acid ( N A )  versus time for etofibrate degradation in borate buffers and sodium hydroxide. The lines through the CAG, CA, and N A  values were 
calculated from the kinetic parameters giuen in Tahle IV. 


human or dog plasma in 1:1,2:1,3:2, or 3:l ratios. The mixture was vor- 
texted and centrifuged for 10 min at  3OOO rpm, and an aliquot was injected 
into Systems 11, V, or VI (Table I). At 1:1 and 1:2 mixture ratios, Systems 
I1 and VI gave minimal or negligible plasma peak interferences with 
etofihrate, clofibric acid monoglycolate, and thymol (Fig. 1E) but sig- 
nificant interferences with clofibric acid in fresh dog plasma (Fig. 1E and 
Study I ,  Tahle 11). Good calibration curves were established for clofibric 
acid in outdated human plasma (Fig. 1F and Study H, Tahle 11) at plasma 
concentrations of 0.4--5.0 X 10W M .  Plasma constituents had retention 
times similar to those of nicotinic acid and nicotinic acid monoglycolate 
in these systems and thus interfered with their assay. 


Clofibric acid in plasma was best assayed separately in System IV (Fig. 
lC),  V, or VII (Fig. 1G and Study J, Table 11) where it was well separated 
from plasma interferences, although etofibrate was held on the column. 
The last system could also assay for clofibric acid monoglycolate. Etofi- 
brate-spiked plasma (1.28 X 10- M )  diluted 1:2 with acetonitrile showed 
no change in the etofihrate peak for more than 24 hr. 


Procedure I): Methylene Chloride Extraction of Plasma--Plasma (1.0 
ml) was adjusted to pH 2.5 with 125 pl of 1 N HCI with vortexing, ex- 
tracted with 3 ml of methylene chloride, shaken at  low speed for 10 min, 
and centrifuged for 10 min a t  3000 rpm. The aqueous protein phase was 
aspirated and discarded. An aliquot of the methylene chloride layer (1.00 
ml) was evaporated under nitrogen a t  room temperature and reconuti- 
tuted in mohile phase that was 1.625 X M in thymol, and an aliquot 
was injected onto System VI. This system assayed for etofihrate and 
clofibric acid monoglycolate (Fig. ID) but had plasma peak interferences 
with the other solvolytic products of etofibrate. Clofihric acid could he 
assayed by injection of an aliquot into System IV (Fig. lC),  V, and pos- 
sibly VII (Fig. 1G) where plasma interferences with clofibric acid peaks 
were minimal. 


Clofihric acid could be assayed to 5 X lo-" M concentrations in plasmas 
by reextracting 1 ml of methylene chloride into 1.00 ml of pH aqueous 
buffer with System VI. 


RESULTS AND DISCUSSION 


Reversed-Phase HPLC Assays of Clofibric Acid Esters and Their 
Products for  Degradation Studies--HPLC Systems 1-111 were used 
for clofibric acid esters and their degradation products. Typical chro- 
matograms (Studies A C and F of Table 11) are given in Figs. 'LA -2G. The 


aliquots of degrading solutions taken with time were neutralized to the 
relatively stable region of pH 4-5. The quenched solution had the same 
composition as the mobile phase used. Morphine sulfate or thymol, added 
in the quenching solution, were internal standards. 


Calibration curves of concentration against peak height, peak areas, 
and their ratios to the respective parameters of the internal standard 
showed excellent linear regressions (Table 11). In general, it could not be 
concluded that one measured parameter was significantly better than 
another. 


The standard errors of estimation (14) of clofibrate and clofibric acid 
concentrations were 4 . 6  X M (0.64 
pg/ml), respectively, for calibration curves prepared with System I (Study 
A of Tahle 111) in the 2.5-40 X 10W M range (5-100 pg/ml) and indicated 
analytical sensitivities of 1-3 pg/ml. The standard errors of estimation 
of concentration of etofibrate and its degradation products were -0.30 
X M (1.0 pg/ml) for calibration curves prepared with System 111 
(Study E of Table 11) in the 1-12.5 X M range (3.6-45 pg/ml of 
etofibrate) and indicated analytical sensitivities of 2.0 pg/ml. 


The radial compression systems gave sharper peaks, lessened retention 
time, and heightened sensitivities for clofihrate, etofibrate, and their 
degradation products in Systems I1 and V VII (Table I )  when injected 
in the mobile phase. The standard errors of estimation of concentrations 
were 1 2 X lo-' M for clofihrate (24-48 ng/ml), etofibrate (BG72 ng/ml), 
and clofibric acid (21-52 ng/ml) and its monoglycolate (26-52 ng/ml) 
(Studies C and D of Tahle 11 with System I1 and 225 nm detection) for 
calibration curves in the 1-12.5 X M range (200-2500 ng/ml). Thus, 
analytical sensitivities of 100 ng/ml were indicated. System VI gave 
similar results (Fig. 2G). Solvent front interferences with nicotinic acid 
and nicotinic acid monoglycolate on these systems a t  225-nm detection 
were minimized a t  263-nm detection, but sensitivities were 200400 ng,'ml 
(Study D of Table I1 and Figs. 113 and 1F). 


Decreased acetonitrile and methanol content in the mobile phase with 
acetate buffer increased the retention times of all components and per- 
mitted separation of clofibric acid from plasma components (Table I). 
The use of methanol in the mohile phase gave higher retention times than 
acetonitrile and well-separated plasma components and clofihric acid 
peaks (Fig. 1C). 


Reversed-Phase HPLC Assays of Clofibric Acid Esters and Their 
Solvolytic Products in Plasma -Partition studies showed that clofi- 
hrate, etofihrate, and clofihric acid monoglycolate could he well extracted 


M (1.46 pg/ml) and 0.3 X 
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Table 111-First-Order Rate Constants (k, min-I) for the 
Hydrolysis of Clofibrate 


Sodium 
Hydroxide 


Temperature Concentration 103k PH 


30.2" 
30.5' 
30.1' 
30.30 


0.010 
0.020 
0.030 
0.040 
0.060 
0.070 
0.100 
0.010 
0.050 
Hydrochloric 
Acid 


22.2 
38.9 
69.0 
86.3 


130.5 
144.5 
206 
30.8 


129 


11.76 
12.05 
12.23 
12.35 
12.52 
12.58 


~~ ~ 


30.1" 
29.9" 
29.5' 12.73 


11.46 
12.14 


40.0' 
40.0' 


OH 8.52 \ 


Concentration 
0.500 61' 


60.1' 
70.8' 
70.4' 
70.5' 
70.4' 
70.4' 
70.4' 


5.0 
9.7 


0.39 0 3000 6000 9000 I- 
2 0.12 


1.05 
0.74 


1.000 
0.100 
0.250 
0.400 
0.500 
0.800 
1.00 
Buffer 
Phosphate 
Phosphate 
Phosphate 
Borate 
Borate 
Phosphate 
Phosphate 


3.03 
5.37 
7.55 
8.23 


u 
U I  
2 NA 
8 1.0 


8000 1600 2400 


0.1 


0 


0.54 
0.45 
0.24 
0.13 


16.1 
19.6 


60.0' 
60.0' 
61.0' 
60.8" 
60.0' 
70.0' 
70.0' 


0.043 
0.043 
0.349 
1.55 


6.00 
7.00 
8.00 
9.01 
9.97 
6.00 
7.00 


~ .. 


8.66 
0.072 
0.110, 
0.087 


~~ ~~ 


a The pH values for sodium hydroxide and hydrochloric acid solutions were 
calculated from pH = pK, + logfp+H[NaOH] and pH = - lOgfHcI[HCl], respec- 
tively, from the pK, values and activity coefficients, ~ N ~ O H  and 1 ~ ~ 1 ,  available in 
the literature (15) for the designated temperatures. The pK, values at respective 
temperatures were: 13.83. 30°; 13.52, 40°; 13.26.50"; 13.02,60°; and 12.78, 70' 
etofibrate, and clofibric acid monoglycolate could be effected in Systems 
I (Fig. l A ) ,  11,111, and VI (Fig. 1D and Table I). While the clofibric acid 
peaks had retention times similar to plasma components in this system, 
no such interferences occurred with Systems IV (Fig. lC), V, and VII 
(Table I). These extraction procedures with reconstitution with System 
I1 and V-VII provided assays sensitive to 10 ng/ml of plasma from 1 ml 
of plasma. 


A more facile, but less sensitive assay used acetonitrile deproteinization 
of plasma (Procedures A and C).  The supernate, after addition of ace- 
tonitrile to plasma in 1:1,2:1,3:2, or 3:l ratios, was injected directly into 
the system. The standard error of estimation of clofibrate and clofibric 
acid concentrations was 1-1.5 X M (2-3 pg/ml) for calibration curves 
prepared with System 111 (Fig. 1B and Study F of Table 11) for plasma 
concentrations of 5-40 X M (10-100 pg/ml). Analytical sensitivities 
of 5-6 pglml were indicated. 


The use of the radial compression systems increased plasma assay 
sensitivities oia acetonitrile denaturation (Figs. 1E-1G). The standard 
errors of estimation of plasma concentrations of etofibrate and clofibric 
acid and its monoglycolate were 0.5-2 X M (100-400 ng/ml) for 
calibration curves prepared with System VI or VII (Studies H J  of Table 
11) for plasma concentrations in the 4-50 X M range (0.8-10 pg/ml). 
Thus, analytical sensitivities of 0.2-0.8 rg/ml were indicated. 


Kinetics of Solvolyses-At constant pH, clofibrate and etofibrate 
degrade by apparent first-order processes. Representative semiloga- 
rithmic plots of concentrations uersus time are given for hydrochloric 
acid solutions (Figs. 3 and 4), sodium hydroxide solutions (Figs. 5 and 
61, borate buffers (Figs. 3 and 6 and Tables I11 and IV), and phosphate 
buffers (Fig. 7), where the apparent first-order rate constant, k ,  was ob- 
tained from the slopes in accordance with: 


0 8000 1600 2400 
REACTION TIME, min 


Figure 7-Semilogarithmic plots of assayed concentrations of etofibrate 
(ETO) ,  clofibric acid monoglycolate (CAG), clofibric acid (CA), and 
nicotinic acid (NA) versus t ime for etofibrate degradation in phosphate 
buffers. T h e  lines through the  CAG, CA, and N A  ualues were calculated 
from the  kinetic parameters given i n  Table  IV. 


a t  a pH > 2 with chloroform or methylene chloride (Procedures B and 
D). Clofibric acid was completely extracted a t  pH < 4 and negligible a t  
pH > 7. The haloform extracts could be evaporated to dryness and re- 
constituted in 100 p1 of mobile phase for injection. Assays of clofibrate, 


20 241 
16 - 


a -  
$12-  


8 -  


AkEHTdl at 69.9" 


0 


k t  
2.30.1 


log c = - - t + log Co 


where C and Co are the concentrations at time t and time zero, respec- 
tively. 


The pH values of the degrading buffer solutions were experimentally 
determined a t  the study temperature. The pH values for hydrochloric 
acid were calculated from 


pH = - log y[HCI] (Eq. 2) 


0 2 4 6 8 10 
1 0 m M  


Figure 8-Plots of first-order rate constants of clofibrate (kcF) and 
etofibrate (kET0) hydrolysis versus molarities of sodium hydroxide 
(dashed line, n = 2, m = 2) and hydrochloric acid (solid line, n = 3, m 
= I )  at seueral temperatures. 
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2.8 rnin 


6.93 rnin 


13.9 rnin 


27.7 rnin 


1.2 hr 


2.3 hr 


4.6 hr 


I 


11.6 hr 


23.1 hr 


46 hr 


116 hr 


231 hr 


460 hr 


1601 hr 


F i g u r e  9-Fitted l ~ g  k - p H  profiles for the hydrolyses of clofibrate a t  
uarious temperatures. corresponding half-hues are given on t h e  
right. 


where y is the mean activity coefficient for the hydrochloric acid solution. 
For sodium hydroxide: 


pH = pK, - pOH = pK, + log y[NaOH] (Eq. 3) 


where y is the mean activity coefficient for the sodium hydroxide (15). 
Values of pK, = -log K,. are  given in Footnote f of Table  I; K, is the 
hydrolysis constant for water. 


The  aparent first-order rate constants for clofibrate, etofihrate, or 
clofihric arid monoglycolate hydrolysis can be characterized in terms of 
actual concentrations of strong acid or alkali as: 


k = k ~ c l [ H C l ]  (Eq. 4)  


k = fiN,oH[NaOH] (Eq. 5) 


and: 


The himolecular rate constants, ~ H C I  and k N~OH. a t  various temperatures 
were obtained from the slopes of plots of k versus these concentrations 
(Table V). 


Log k-pH Profi les  (16) a n d  Solvolysis Routes-When activities of 
hydrogen, a t { ,  and hydroxide, aOH, ions are  considered a s  catalytic 
species: 


aH = (Eq. 6) 


(Eq. 7) 


the acid and alkaline branchesof the log k-pH profiles (Figs. 9-11) that  
characterize the attack of hydrogen- and hydroxyl-ion activities, re- 
spectively, conform to: 


(Eq. 81 


(IOH = IO-POH = IO-(pKw-PH) 


log k = log kH - p H  


log k = log k ( ) H  + p H  - pK, 


and: 


(Eq.  9) 


T h e  profiles a t  the temperatures where no studies were msde were 
constructed so as  to he consistent with the Arrhenius parameters, Atla 


1000 : 


100 


1 0  7 


I 
0 
- \  


0.5 rnin 


1 rnin 


2 rnin 


4 rnin 


10  rnin 


2 0  rnin 


40 rnin 


1 hr 


2 hr 


4 hr 


x 
c 


10  hr 


2 0  hr 


40 hr 


100 hr 


6 days 
10  days 


2 0  days 


50 days 


100 days 


200  days 
0 2 4 6 8 1 0 1 2 1 4  


PH 
Figure  10 -Fitted log k-pH profiles /or the hydrolyses O/ etofibrate at 
various temperatures. Corresponding half-liues are gioen on the 
right. 


and In P. calculated or determined from the slopes and intercepts of the 
Arrhenius plots (Fig. 12). 


T h e  constants are given in Tahle  V and can he used to calculate the 
apparent first-order rate constant for hydrolysis a t  any pH and tem- 
perature using: 


k = kb{aH + koHaH + ko 


when Eqs. 6 and 7 and the Arrhenius equation: 


(Eq. 10) 


In kH or In kOH = In P - Afl0/1.987(L/T) (Eq. 11) 


where 7' is degrees plus 273' and AHa is in calories per mole, are con- 
sidered. 


A pH-independent component. kg', had to  be considered in the  case 
of clofibrate solvolysis (Fig. 9 and Tahle V) to account for first-order rate 
constants between pH 6 and 7 that  were higher than those predicted from 
the sum of the extrapolation of the acid and  alkaline branches of the 
clofibrate log k-pH profile. 


T h e  predicted minimum in the  log k-pH profile for etofibrate (Fig. 
10) is probably not exact but should be displaced a few l0ths  of a pH unit 
to the right since etofibrate is protonated in the region of acid solvolysis. 
In addition, hydrogen-ion attack on a nonprotonated compound would 
he faster. 


P h a r m a c e u t i c a l  S igni f icances  of S tab i l i ty  Studies-The high 
solvolytic instahility of clofihric acid esters, even in mildly alkaline so- 
lutions, requires that  the microscopic environment be kept as  acidic as 
possible (pH 4) in the formulation of liquid and solid dosage forms. Al- 
kaline lubricants and excipients should not he used, and granulations 
should be kept a s  free of water a s  possible. Even a t  30' and pH 4 6, the 
half-lives of clofihrate and etofihrate in aqueous solutions are predicted 
(Figs. 9 and 10) to he 120 and 240- 2000 days, respectively; a t  pH 7, they 
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Table IV-First-Order Rate Constants (kl, min-I) for the 
Hydrolysis of Etofibrate and the Glycol Esters of Clofibric Acid 
(k'.min-') and Nicotinic Acid (k", min-I) 


Hydrochloric 
Acid (k",min-') 


Temperature Concentration 10"k 107k"a PHb f' 
49.8' 
58.0" 
69.8" 
69.9' 
69.9' 
69.9' 


29.5" 
30.3' 


30.1' 
40.2' 
40.2' 
40.2' 
39.9" 
39.9' 
40.0" 
39.9' 
39.9' 
50.1' 
69.95O 
70.0' 


0.100 
0.100 
0.100 
0.250 
0.500 
0.750 
Sodium 


hydroxide 
concentration 


0.010 
0.020 
Buffer 
Borate 


Phosphate 


Borate 


0.055 
0.188 
0.474 


1.46 
2.58 
3.76 


497 
1187 


10.9 
32.6 
30.3 
29.7 
4.94 
1.58 


0.314 
0.206 
0.035 


138 
339 
898 


- 
- 
- 
- 
0.75 
1 .o 


1 0 7 r  
175 
285 


3.0 
6.37 
5.70 
5.00 
0.962 
0.290 
0.0724 
0.032 


31 
72 
160 


- 


1.11 0.00 
1.08 0.00 
1.11 0.00 
0.74 0.16 
0.45 0.00 
0.27 0.05 


11.77 1.00 
12.97 0.90 


9.98 0.94 
9.96 0.83 
9.95 0.85 
9.85 0.76 
9.02 1.00 
8.52 0.82 
7.95 0.95 
7.53 1.00 
6.94 1.00 
9.98 1.00 


10.03 1.00 
9.91 1.00 


0 Estimates are crude for the hydrolysis of the glycol ester of nicotinic acid since 
studies were not carried out long enough. The pH values for sodium hydroxide 
and hydrochloric acid solutions were calculated from H =pK, + log fN.o"[NaOH] 
and pH = -log ~HCI[HCIJ ,  respectively, from the p i ,  values and activity coeffi- 
cients. fN.OH and f ~ ~ l ,  available in the literature (15) for the designated tempera- 
tures. h t ima ted  fraction of clofibrate hydrolyzed to the monoglycol ester of 
clofibric acid where 1 - f is the estimated fraction hydrolyzed to clofibric acid and 
the monoglycol ester of nicotinic acid. 


would be 160 and 20 days, respectively. Thus, these compounds must he 
assayed immediately and not stored in samples of biological tissues and 
fluids. Extraction from plasma into haloalkane solvents or mixing plasma 
with equivalent volumes of acetonitrile can maintain the integrity of the 
esters for several days prior to assay. 


Routes of Solvolyses-The primary product of clofihrate solvolysis 
is clofihric acid at  all pH values (Fig. 3), although p-chlorophenol can be 
generated in strong acidic solutions (Scheme 1). 


The routes of etofibrate solvolysis differ for the acidic and alkaline 
regions. The initial products of acid hydrolysis were nicotinic acid 
monoglycolate and clofibric acid (Scheme 11), and no clofibric acid 
monoglycolate was observed (Fig. 13). The initial products of solvolyses 
at  pH > 7 were nicotinic acid and clofihric acid monoglycolate, and the 
latter subsequently hydrolyzed to clofibric acid and ethylene glycol (Figs. 
6 and 7). No nicotinic acid monoglycolate was observed within the level 
of analytical sensitivities. 


If the products of etofibrate (ETO) solvolyses in the alkaline region 
are only clofibric acid monoglycolate (CAG) and nicotinic acid (NA) and 
if no glycol ester of nicotinic acid (NAG) (Scheme 11) is generated, then 
the concentration of clofibric acid monoglycolate may be calculated from 
the expression ( I  7): 


(Eq. 12) 
k 


[CAG]' = [ETO](h - (e-k' - e-k") 
k ' - k  


where [ETOIO is the initial etofibrate concentration and [CAG]' is clofibric 
acid monoglycolate concentration on the presumption that the sole route 
of hydrolysis is as shown in Scheme I l l ,  where k and k'are the apparent 
first-order rate constants for the sequential hydrolyses. 


k k' w o  +CAG + N A  +CA + glycol + NA 
Scheme I l l  


If nicotinic acid monoglycolate is generated but is so low in concen- 
tration that it cannot be observed. Scheme 1V could be postulated. 


k'l r - k ,  - CAG + NA - 
ETO 


k ,  - CA + glycol + NA 
Scheme I V 


1 oot 
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Figure 11-Fitted log k-pH profiles for the hydrolyses of clofibric acid 
monoglycolate at various temperatures. Corresonding half-liues are 
giuen on the right. 


There is no storage in this form due to i t s  extremely rapid hydrolysis. and 
k = k l  + k p  and (18): 


k 
= /[El'O]o - - e - k ' r )  (Eq. 13) k - k  


where: 
f = [CAG]/[CAC'] = k l / k  (Eq. 14) 


This signifies that the ratio, /, of the experimental concentration of 
clofihric acid monoglycolate to the theoretical concentration, calculated 
on the premise of no nicotinic acid monoglycolate intermediate, is con- 
stant at all specified times. 


The apparent first-order rate constant, k', for the solvolysis of clofibric 
acid monoglycolate could he obtained from the terminal slope of the plots 
of its generation with time (Figs. 6 and 7) from etofibrate. I t  was also 
obtained by the apropriate adjustment of the f and k '  values of Q. 13 
that gave the hest fit to the time course of generated clofibric acid 
monoglycolate in Figs. 6 and 7. These values are listed in Table IV and 
demonstrate that negligible etofihrate is solvolyzed through a nicotinic 
acid monoglycolate intermediate above a pH of 7. Separate studies of 
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Figure 12-Arrhenius plots of bimolecular rate constants for the al- 
kaline solvolyses of etofibrate (ETO) and clofibric acid monoglycolate 
(CAGj and the acid soluolysis of etofibrate (ETO). 


clofibric acid monoglycolate solvolyses at these pH values confirmed the 
k' values estimated by this procedure. The  lines through the concentra- 
tions of nicotinic and clofibric acids in Figs. 6 and 7 were drawn in ac- 
cordance with: 


[NA] = [ETO]o (1 - e - k l f )  


[CAI = [ETO]o - [ETO] - [CAG] 


(Eq. 15) 


(Eq. 16) 


where [CAG] was calculated from Eq. 13. 
A similar approach was used to estimate k" ,  the apparent first-order 


rate constant a t  a given pH for the acidic hydrolysis of nicotinic acid 
monoglycolate (Fig. 13). However, the k" values given in Table IV are 
crude estimates since these kinetic studies were not conducted for ade- 
quate lengths of time. 


Stabilities of Clofibric Acid Esters in Plasma-Clofibrate stability 
was monitored by HPLC assay in fresh dog plasma. The  apparent half- 
lives of 1-2 X M clofibrate in plasma were 9.75 min at 24" and 4.57 
min at  37.6" using Procedure B (Fig. 14). When Procedure A was used 
for assay of degrading 1.83 X M clofibrate in fresh plasma a t  24.6", 
degradation was apparent zero order (7.0 X mole/liter/min) and an 
apparent time for half-degradation was 130 min (curve A of Fig. 15). A 
similar study by Procedure A,  conducted at room temperature, showed 
a half-degradation time of 125 min for 5.8 X M clofibrate in fresh 
plasma. The fact that apparent first-order degradation of clofibrate with 
an apparent half-life of 10 min a t  24" occurs a t  low concentrations (curve 
B of Figs. 14 and 15) indicates that the plasma enzymes responsible for 
clofibrate solvolysis are readily saturated and give slower degradation 
rates a t  higher plasma concentrations. 


The stability of etofibrate in fresh dog plasma assayed by Procedure 
C gave apparent half-lives of 4.4 min for 3.6 X M etofibrate in two 
separate studies (Fig. 16). 


The apparent half-life for an initial plasma concentration of etofibrate 
([ETOIo = 5.9 X M), assayed by Procedure D, was 6.9 rnin (k = 0.100 
min-1) with an apparent terminal half-life of 11.2 min for clofibric acid 
monoglycolate solvolyses (k '  = 0.0619 min-') (Fig. 16). The  maximum 
peak height ratio of 0.37 for this compound a t  10 min corresponded to 
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Table  V-Estimated Kinetic Pa rame te r s  (16) f o r  the Hydrolyses 
of Clofibrate (kCF), Etofibrate (kETo), and  the Glycol Esters of 
Clofibric Acid (kCAG) and Nicotinic Acid (kNAG) 


Microscopic 
Rate 


Constant 30" 40" 50" 60" 70" AHH, 1nP"  


kgLb,liters/mole/min 2.7 3.3 - - - 3.8c 7.3 


k KOH 2.11 2.71 - - - 4.8' 8.7 
103kGFb - - _  12 25 16.2c 20 
103k f&,d _ - -  9.8 20 16.6c 20.4 
103kSFd, min-1 _ - -  0.04 0.08 16c 13.6 
k~~ob, l i te rs /mole /min  63.5 119 251 351f 554 11.4" 23.1 
10k ETo _ -  0.70 1.4 7.1 26.4" 33.8 
kCAGb OH 17.9 29.5 59.2 75.3 111.5 9.8" 19.1 


2.2 - - 
5.2 - - 


103kNAACb _ _ _ -  
103k #p _ _ _ -  
~~ 


a These heats of activation (kilocalories per mole) and In P values were obtained 
from Fig. 12 in accordance with the Arrhenius function In k = In P - (A&/R)(l/JJ 
where R = 1.987 cal/degree and AH,, is in calories per mole. The values of koHd 
obtained from the best linear fit of this function were usGd in the log k-pH profile 
at 50 and 70' and were 210 and 590, respectively. Similar1 , the values of k&' at 
50" was 47.5. * Bimolecular rate constants in IiterslmoleAin for hydrogen- and 
hydroxide-ion catalysis obtained from intercepts of the alkaline and acid branches, 
respectively, of the log k uersus pH profile (Fig. 9 for dofibrate, Fig. 10 for ebfibrate, 
and Fig. 11 for the monoglycol ester of clofibric acid) where the logarithm of the 


timates of heats of activation (kilocalories per mole) of these rate processes were 
calculated from = 1.987 X (In kTI - In k r  )/[(l/Tz) - (l/Td], where TI and 
T2 are the respective temperatures in degrees Kehn ("C + 273) for the two studies. 


Bimolecular rate constants for sodium hydroxide- and hydrochloric acid-catalyzed 
solvolysis obtained from slopes of plots of the apparent first-order rate constants 
against sodium hydroxide and hydrochloric acid, respectively (Fig. 8). Apparent 
first-order rate constants for pH-independent solvolysis of clofibrate. f Actually 
58.0'. 


an approximate concentration of 2.85 X M clofibric acid monogly- 
colate. On the assumption that the degradation pathway is solely through 
clofibric acid monoglycolate (Scheme III), the maximum concentration, 
[CAG],,,, can be estimated (17) from: 


[CAG],,, = [ETOIo (l/k')(k/k')k'l(k'-k) = 2.7 X M (Eq. 17) 


The coincidence of this calculated maximum and that experimentally 
determined provides strong evidence that clofibric acid monogycolate 
is the primary product of etofibrate solvolysis in plasma. 


M etofibrate in plasma showed 
a half-life of 5.7 min (k = 0.121 min-I) by the solvolysis route through 
clofibric acid monoglycolate. The latter had a half-life of 5.8 rnin (0.119 
min-I) when the data were fit as described by Eqs. 13,14, and 16; f = 1 
(Fig. 17). Solubility in plasma is expected to  be much greater than in 
buffer due to high protein binding (13). Using Procedure C, clofibric acid 
monoglycolate, 4.25 X M in plasma, showed a half-life of 11.5 rnin 
(Fig. 17). 


With Procedure C at  37.5", 1.19 X 


\ 


0 .25N HCI - 


0 800 1600 2400 


0 .25N HCI - 


'0, 


0 2400 0 400 800 1200 
REACTION TIME, min 


Figure  13-Semilogarithmic plots of assayed concentrations of etofibrate (ETO) and soluolysis products, nicotinic acid monoglycolate (NAG), 
clofibric acid (CA), and nicotinic acid (NA) ,  degrading at 69.9" in hydrochloric acid with an original concentration of 3 X M etofibrate. 
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Figure 14-Semilogarithmic plots of clofibrate concentrations with 
time in fresh dog plasma where blood was withdrawn 2-4 hr before by 
Procedure B. Aliquots (3.00 and 2.00 ml) of the 4-ml chloroform extracts 
of  1.00 ml of  plasma were evaporated and reconstituted in 100 p l  of 
mobile phase for injection in the 24 and 37.6' studies, respectively. The  
respective initial clofibrate concentrations were 1.00 and 1.77 X 
M. 


2.0 t 


MINUTES 


Figure 15-Linear plots of clofibrate concentration with time at 24.5' 
in fresh dog plasma, 1.5 hr after withdrawal, as assayed by Procedure 
A for curve A with an initial plasma concentration of 1.83 X M and 
as assayed by Procedure B for curve B with an  initial plasma concen- 
tration of 1 X M. The ordinate is for assayed concentrations (curve 
B) and plasma concentrations (curve A). 


In summary, etofibrate was readily hydrolyzed a t  37.5' in fresh dog 
plasma with apparent half-lives of 4.44.9 min. The major product of this 
solvolysis was the glycol monoester of clofibric acid with a half-life of 
5.8-1 1.5 min. Although the 4-5-min half-life of etofibrate determined 
previously (13) in diluted human blood (2.5% blood in isotonic pH 7.4 
phosphate buffer) agreed with the present values, the half-lives of clofi- 
brate (24 min) and clofibric acid monoglycolate (48 min) in diluted blood 
(15% blood in isotonic pH 7.4 phosphate buffer) were much greater than 
the present 5.8-11.5 min in whole dog plasma. 


It was claimed (13) that the major route of etofibrate solvolysis in di- 
luted blood is a t  the clofibric acid ester linkage, in contrast to the present 
findings in undiluted dog plasma that the major route is by the splitting 
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Figure 16-Semilogarithmic plots of assayed etofibrate (open symbols) 
and clofibric acid monoglycolate (solid symbols) concentrations with 
t ime at 37.5' in fresh dog plasma. Procedure C was used for assay of 
degrading 3.6 X M etofibrate in  original plasma (0, 0, A). Pro- 
cedure D was used for the assay of degrading 5.9 X M etofibrate 
in original plasma (0, a). 
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Figure 17-Semilogarithmic plots of  assayed (Procedure C) concen- 
trations of etofibrate (ETO), clofibric acid monoglycolate (CAG), and 
etofibric acid (CA) for degradation of 1.19 X 1 V 4  M etofibrate (A )  and 
4.23 X M clofibric acid monoglycolate (B) by Procedure C in fresh 
dog plasma. The  lines through the CAG and CA values in A were cal- 
culated in  accordance with Eqs. 13 and 16 for f = l (Eq.  14). The  line 
through the C A  values in R was calculated in accordance with [CAI = 
[CAG]o(l  - c k Z t ) .  


of the nicotinic acid ester linkage. The differences in results could be due 
to the fact that the present study used fresh dog plasma and the earlier 
study used diluted human blood with etofibrate concentrations in great 
excess of its solubility. The solvolyses of etofibrate and the half esters 
in highly diluted blood were not first order in the previous study as they 
were in the present study. The previous first-order semilogarithmic plots 
of diluted blood concentrations versus time showed a diminishing slope 
indicating decreasing esterase activity with time, which is contrary to 
what would be expected for saturable enzyme kinetics. 


These discrepancies need clarification by further studies. 
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Abstract 0 4 - Dimethylaminomethyl - 1 - (3 - hydroxyphenyl) - 1- nonen 
%one hydrochloride (11) was shown to stimulate respiration in rat liver 
mitochondria a t  levels of 2.5 fimoles or less; but a t  levels higher than 5.0 
fimoles, respiration was inhibited when succinate and 3-hydroxybutyrate 
were the substrates. Compound I1 caused inhibition of respiration in the 
presence of glutamate over the dose range studied. The stimulating effect 
of I1 was attributed to its functioning as an uncoupling agent. Its inhib- 
iting properties were considered to be due to its behaving like antimycin 
A in blocking transport of electrons between cytochromes b and c1. The 
effect of I1 on respiration in mitochondria varied with the pH of the 
medium. A conjugated styryl ketone, which contained a nuclear hydroxy 
function and was structurally related to 11, also stimulated respiration 
a t  low doses while inhibiting respiration a t  higher concentrations. Eth- 
erification of the hydroxy group led to compounds in which only stimu- 
lation of respiration was noted. 


Keyphrases Respiration, mitochondria-effect of 4-dimethylami- 
nomethyl-l-(3-hydroxyphenyl)-l-nonen-3-one hydrochloride and styryl 
ketone derivatives Mannich bases-prepared from styryl ketones, 
effect on respiration in mitochondria Styryl ketones-preparation of 
Mannich bases 


A number of Mannich bases (I) derived from styryl ke- 
tones containing chlorine or hydrogen atoms in the aro- 
matic ring have been shown to inhibit the electron trans- 
port chain in mitochondria of both rat liver cells and yeast 
(1, 2). These compounds were considered to exert their 
effect by competition with coenzyme &lo (1). Recently, 
4-dimethylaminomethyl-1 - (3-hydroxyphenyl) - 1 -nonen - 
%one hydrochloride (11), which is a Mannich base with a 
nuclear hydroxy group, was synthesized (3). Although it 
had little action against murine P-388 lymphocytic leu- 
kemia in contrast to some dichlorinated derivatives of I (4), 


it displayed anti-inflammatory analgesic properties as well 
as antifungal activity (3). 


Therefore, the questions were asked whether I1 would 
affect mitochondria1 function and, if so, whether its site 
of action would differ from that in series I. In addition, if 
I1 affected the electron transport chain, which is found in 
the inner membrane of the mitochondria, it could be a 
carrier group to which other molecular entities may be 
attached uia the hydroxyl group. Furthermore, two related 
a,P-unsaturated ketones, IIIa and IIId, differed in their 
activity towards P-388 lymphocytic leukemia (3), which 
could be due to a variation in effect on mitochondria. Thus, 
it was of interest to examine the effects of 11, IIIa, IIId, and 
the related compounds IIIb and IIIc on the electron 
transport chain in rat liver mitochondria. 


DISCUSSION 


Table I indicates the effect of I1 on respiration in rat liver mitochondria 
using three different substrates. In the case of succinate and 3-hy- 
droxybutyrate, respiration was stimulated at  low concentrations; a t  
higher doses of 11, inhibition of respiration was noted. When glutamate 
was the substrate, no stimulation of respiration was noted and only in- 
hibition of respiration was found over the dose range studied. 


The inhibiting effect of I1 a t  5 Fmoles with succinate as the substrate 
was considered. The related compounds IQ and Ib caused inhibition of 
respiration by competition with coenzyme $10, which could be reversed 
by addition of coenzyme $10 (1). Therefore, a possible site for the respi- 
ration-inhibiting action of I1 might be similar. However, addition of 
coenzyme &lo to mitochondria whose respiration had been inhibited by 
I1 did not alter the percentage of respiration inhibition, so the mode of 
action of I1 appears to differ from that of I. 


A number of compounds inhibit respiration by blocking the transport 
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CONCLUSIONS 


The first 1 mm or so of frozen and reconstituted cattleskin4 acts as a 
homogeneous barrier to penetration of the skin by chemicals. The dif- 
fusion coefficient of levamisole in this barrier is close to its expected value 
in hair follicles or sweat ducts. The results of the present study suggest 
that  polar molecules such as levamisole will penetrate cattle skin much 
more rapidly than human skin. 
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Abstract 0 A series of brusatol, bishrusatol, and bruceantin esters were 
examined for their ability to inhibit protein synthesis in P-388 lympho- 
cytic leukemia cells. Compounds which produced high T/C % values 
(170-272) resulted in IDSO of 5.4-15.5 pM for inhibition of whole cell 
protein synthesis, IDm of 1.3-13 pA4 for inhihition of endogenous protein 
synthesis in cell homogenates, and ID50 of 1.9-6 pM for inhibition of 
polyuridine directed polyphenylalanine synthesis using “runoff’ ribo- 
somes and a “pH 5” enzyme preparation. The polyuridine directed 
polyphenylalanine synthesis requires neither initiation nor termination 
factors, suggesting that quassinoids are exclusively elongation inhibitors. 
Bruceantin, brusatol, and bisbrusatolyl malonate allowed a runoff of the 
polyribosomes to 80s free ribosomes. However, formation of the ternary 
complex and 80s initiation complex were not inhibited by the quassi- 
noids. Thus, these agents do not affect the individual steps leading to the 
formation of a stable 80s initiation complex in P-388 cells. Brusatol, 
bruceantin. and bisbrusatolvl malonate inhibited the formation of the 


~~ 


first peptide bond between puromycin and [3H]methionyl-transfer RNA 
bound to the initiation complex, indicating peptidyl transferase activity 
is inhibited by the quassinoids in P-388 cells. These studies also suggest 
that  the free 80s ribosome is the site of binding by the quassinoid. Ri- 
bosomes actively conducting protein synthesis will continue protein 
synthesis and terminate before the quassinoids hind. This proves quas- 
sinoids are elongation inhibitors of tumor cells. A strong correlation 
was observed between potent antileukemic activity and the ability to 
inhibit protein synthesis in P-388 lymphocytic leukemia cells. 


Keyphrases 0 Protein synthesis-inhibition by quassinoids, P-388 
lymphocytic leukemia cells 0 Quassinoids-inhibition of protein syn- 
thesis, P-388 lymphocytic leukemia cells Structure-activity relation- 
ships-quassinoids, inhihition of protein synthesis, P-388 lymphocytic 
leukemia cells 0 Antitumor agents-quassinoids, inhibition of protein 
synthesis, P-388 lymphocytic leukemia cells 


Bruceantin, a quassinoid now in phase I1 clinical trials, 
was first isolated from Brucea antidysenterica (1,  2) .  
Subsequently, bruceoside A was isolated from Brucea 
jauanica ( 3 )  and brusatol was derived chemically from 
bruceoside A. It was demonstrated (4) that bruceantin 


inhibited protein synthesis in HeLa cells by 90% at 2 pM, 
whereas DNA and RNA synthesis were inhibited 60 and 
15%, respectively. Protein synthesis was inhibited 79% in 
rabbit reticulocytes by bruceantin a t  0.1 pLM (4). Liao (4) 
postulated that bruceantin was an initiation inhibitor of 
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protein synthesis. However, it was shown (5), using the 
yeast organism Saccharomyces cereuiseae, that bruceantin 
blocks the peptidyl transferase site of the ribosome and 
inhibits the peptide chain elongation reaction. Inter- 
estingly, the drug binds to the free ribosome as opposed 
to the ribosome actively engaged in protein synthesis (5). 


Brusatol has been observed to inhibit DNA, RNA, and 
protein synthesis of P-388 lymphocytic leukemia cells a t  
0.015 mM concentration resulting in 84, 62, and 86% in- 
hibition, respectively. A t  0.005 mM the inhibitions are 38, 
44, and 60%, respectively (6). Brusatol was shown to be an 
elongation inhibitor by using the rabbit reticulocyte pro- 
OH 


f H  H 


OH 


I[bruceoside A]  


?R3 


II[brusatol] : R, = R, = R, = H, R, = co 


III[bruceantin] : R, = R, = R, = H, R, = 


CO 


/=( IV[brusatol triacetate] : R, = R, = R, = COCH,, R, = 
co 


V[bruceolide] : R, = R, = R, = R, = H 


VI[ 3-(3,4-dimethyl-2-pentenoyl)bruceolide] : R,  = A, R, = R, = R, = H 


co 


VII[ 3-(3,4-dimethyl-2-pentenoyl)bruceantin] : R,  = R, = , R, = R, = H 


VIII[12-acetyl-3,15-disenecioyl bruceolide]: R, = R, = A, R, = H, R, = COCH, 
co 


IX[3,15-disenecioyl bruceolide] : R, = R, = /=( , R, = R, = H 
co 


X[bis-l2,12'-diacetyl brusatolyl succinate] : R, = R, = COCH,, n = 2 
XI[bisbrusatolyl adipate] : R ,  = R, = H, n = 4 


XI1 [bisbrusatolyl glutarate] : R, = R, = H, n = 3 
XIII[bisbrusatolyl succinate] : R, = R, = H, n = 2 
XIV[bisbrusatolyl malonate] : R, = R, = H, n = 1 
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XV [ bis-dihydrobrusatolyl succinate ] XVI[ his-tetrahydrobrusatolyl succinate ] 
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XVII  [ te t rahydrobrusatol]  XVIII [ dihydrobrusatol]  
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HO 
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XIX[ 2-hydroxy-2-deoxotetrahydrobrusatol lactol] 


tein synthesis system. Brusatol probably inhibits peptidyl 
transferase activity (7). Bruceantin and brusatol are active 
against P-388 lymphocytic leukemia growth in uiuo be- 
tween 100 pg/kg to 1 mg/kg depending on the host strain 
of mice used (8). A series of brusatol esters and bisbrusa- 
tolyl esters were synthesized and characterized previously 
(9). 


The present study reports the structure-activity rela- 
tionships between the antileukemic activity and the ability 
to suppress protein synthesis elongation processes. 


RESULTS AND DISCUSSION 


Potent antileukemic activity against P-388-UNC lymphocytic leuke- 
mia was observed with compounds VII, IX, XIII, XIV, and XV giving 
T/C % z 180 a t  0.6 mg/kg/day in BDFl male mice. The results are com- 
parable with the standard, fluorouracil, a t  25 mg/kg/day. Moderate ac- 
tivity (T/C % z 140-176) was observed with compounds 11,111, XI, XII, 
and VIII. The bisbrusatolyl esters (XI-XIV) were more potent than 
brusatol(I1) or bruceoside A (I), respectively, the succinate (XIII) and 
malonate (XIV) esters with T/C % of 217 and 272, respectively. Reduction 
of the CIS ester double bond did not decrease the antileukemic activity 
significantly (compare XV to XI11 and XVIII to 111). However, saturation 
of the diosphenol double bond resulted in either less activity or an inactive 
compound (XVI, XVII, and XIX). Esterification of I1 a t  the C-3 position 
gave VII and IX which were more active than 11. Compounds formed by 
acetylation of the hydroxyl groups a t  C-11 and '2-12 possessed little an- 
tileukemic activity (IV, VIII, and XI. 


Whole cell protein synthesis of P-388 cells was inhibited maximally 
(92%) by compound XIV (Table I) followed by compounds 11, IX, and 
XI11 (78-69%) and compounds I, 111, V, VII, XII, XV, and XVIII (60-53%) 
a t  15 p M  final concentration. The quassinoids followed a dose response 
from 5-15 ~ L M .  Examination of the lysate protein synthesis assay dem- 
onstrated that compounds 11, IX, XIII, XIV, and XV caused >80% in- 
hibition, whereas compounds VII, XI, and XI1 resulted in >70% inhibi- 
tion of protein synthesis (Table 11). 


Compounds I1 and 111 have been previously demonstrated to be elon- 


gation inhibitors in normal rabbit reticulocytes and compound XIV in 
the P-388 tumor line. For this reason a series of experiments were con- 
ducted to  establish the inhibition mechanism by compounds I1 and Ill 
in the P-388 leukemia cells. A comparison of Fig. 2 with Fig. 1 shows that 
compounds 11,111, and XIV all allow accumulation of the 80s ribosome 
peak similar to pyrocatechol violet rather than emetine. The result 
suggests the quassinoids allow completion of the already initiated poly- 
peptide chain synthesis and release of the free 80s ribosome from the 
polyribosome before totally inhibiting protein synthesis. The quassinoids 
had little or no effect on the formation of either the ternary complex' or 
the 80s initiation complex2 (Table 111). The quassinoids 11,111, and XIV 
behaved in these assays more like emetine than pyrocatechol violet in- 
dicating that they did not inhibit initiation events of polypeptide chain 
synthesis. 


In an additional study, the formation of the 80s initiation complex2 
and peptide bond formation was examined by treating P-388 cell lysates 
with the elongation inhibitor chlortetracycline, which specifically in- 
hibited binding of the aminoacyl-transfer RNA to the ribosome A site 
but did not inhibit the peptidyl transferase reaction. When ["H)meth- 
ionyl-transfer RNA was added to the system, most of the radioactivity 
was found associated with the 80s initiation complex. Addition of 
poly-adenosine-uridine-guanosine to the chlortetracycline treated lysate 
allowed formation of an 80s initiation complex (Fig. 3). The complex then 
reacted with puromycin followed by the puromycin-induced release of 
[3HH)methionine from the 80s complex (Fig. 4). The quassinoids 11,111, 
and XIV did not appear to inhibit the formation of the 80s initiation 
complex, but did inhibit puromycin release of methionine indicating that 
the quassinoids inhibit P-388 peptide bond formation. Examination of 
the formation of aminoacyl-transfer RNA with phenylalanine, leucine, 
or  methionine indicated that these agents had no effect on the activation 
of amino acid for incorporation into polypeptides. These studies suggest 
that  the quassinoids are elongation inhibitors of protein synthesis, 
probably inhibiting peptidyl transferase activity. The quassinoids do not 
inhibit the synthesis of ongoing polypeptide synthesis but rather appear 
to bind to free P-388 80s ribosomes. The 80s peak which accumulates 
in the presence of the quassinoids is actually an 80s initiation complex 


' eIFGuanosine triphosphate[3HH]met hiimyl-transfer RNA. 
80S.Adenosine-uridine-guanosine.eIFguanosi1~e t r ipho~pha te [~H]meth -  


ioinyl-transfer RNA. 
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Table I-Effect of Quassinoids on Protein Synthesis of P-388 
Lymphocytic Leukemia 


Control Protein Synthesis, 70 
Concentration, p M  


Drugs 5 10 15 T/C ID50 
~ 


I. Bruceoside A 
11. Brusatol 


111. Bruceantin 
IV. Brusatol triacetate 
V. Bruceolide 


VI. 3-(3,4-Dimethyl-2-penten- 
0d)-  
bruceolide 


VII. 3-(3,4-Dimethyl-2-penten- 
oyu- 
bruceantin 


bruceolide 


bruceolide 
X. Bis-l2,12’-diacetyl 


brusatolvl 


VIII. 12-Acetyl-3,15-disenecioyl 


IX. 3,15-Disenecioyl 


70 48 42 121 9.7 
61 44 22 149 7.5 
74 57 46 146 13.1 
94 89 79 102 110.0 
72 60 40 139 12.1 
68 64 57 131 24.8 


66 59 48 194 13.9 


91 78 69 103 37.2 


52 38 31 185 6.0 


83 75 67 118 37.0 


succinate 
XI. Bisbrusatolyl adipate 70 60 51 176 15.3 


XII. Bisbrusatolylglutarate 63 57 43 176 11.9 
XIII. Bisbrusatolylsuccinate 58 40 30 217 6.8 
XIV. Bisbrusatolyl malonate 54 17 8 272 5.4 
XV. Bisdihvdrobrusatolvl 60 57 47 193 13.8 


succinate 
XVI. Bistetrahydrobrusatolyl 75 66 57 113 21.6 


niicrinnte I I - -. - - 
XVII. Tetrahydrobrusatol 85 76 56 120 17.8 


XVIII. Dihydrobrusatol 72 58 43 150 12.3 
XIX. 2-Hvdroxv-2-deoxotetra- 77 70 65 107 48.1 


hydrobiusatol lactol 
XX. 0.05% Polysorbate-water 100 100, 100 100 


rather than true runoff ribosomes. The acceleration of 80s initiation 
complex has been reported previously with bruceantin in yeast, brusatol 
in rabbit reticulocytes, and bisbrusatolyl malonate in P-388 cells. Table 
IV demonstrates that  the quassinoids inhibit polyuridine directed syn- 
thesis of polyphenylalanine, a study carried out on purified runoff ribo- 
somes isolated from 10-day P-388 cells. Polyuridine directed polyphen- 
ylalanine synthesis does not require the normal initiation and termination 
reactions; consequently, this inhibition is of the elongation type exclu- 
sively. Table IV shows that compound XIV caused 92% inhibition a t  15 
p M .  Compounds VII and XI11 result in greater than 80% inhibition of 
polyphenylalanine synthesis, whereas compounds 11, IX, XI, and XI1 
caused greater than 75% inhibition a t  15 p M .  


The structural rquirements for inhibition of protein synthesis of P-388 
leukemia cells are bis-esters of brusatol with an alkyl side chain of the 
ester of 1 or 2 carbons, or a C-3 or C-15 disenecioate or di-3,4-dimethyl- 
2-pentenoate side chain of bruceolide. Those compounds which dem- 
onstrated potent activity possessed an enone system in ring A and free 
hydroxy groups a t  C-11 and C-12. The same structural requirements are 
needed for antileukemic activity and in uitro inhibition of protein syn- 
thesis of P-388 cells. Analysis of the inhibition of polyuridine directed 
polyphenylalanine synthesis in Table IV and T/C %values obtained in 
the antileukemic screen indicated that there was a negative correlation 
coefficient of 0.84, i.e., the higher the TIC 90 value obtained for the esters, 
the greater the degree of inhibition of protein synthesis in P-388 lym- 
phocytic leukemic cells. 


0.71 


0.6 


5 0.5 
~ 0.4 


0” 0.3 


O 0.2 


0.1 


~ 


0 
BOTTOM TOP 
SUCROSE DENSITY GRADIENT (10-25%) 


Figure 1-Effects of pyrocatechol violet and emetine on the P-388 
ribosome profile. Key: 0-0, control, -0 0--, p.vrocatecho1 uiolet; and 
.-a, emetine. 


Table 11-Effects of Quassinoids on P-388 Lymphocyt.ic 
Leukemia Cell Lysate Using Endogenous mRNA 


Drugs 


11. Brusatol 
111. Bruceantin 
IV. Brusatol triacetate 
V. Bruceolide 


VI. 3-(3,4-Dimethyl-2-pen- 


VII. 3-(3,4-Din1ethyI-2~pen- 


VIII. 12-Acetyl-3,15-diseneci- 


I. Bruceoside A 


tenoy1)bruceolide 


tenoy1)bruceantin 


oyl 
bruceolide 


bruceolide 
X. Bis-l2,12’-diacetyl 


brusatolyl succinate 
XI. Bisbrusatolyl adipate 


XII. Bisbrusatolyl glutarate 
XIII. Bisbrusatolyl succinate 
XIV. Bisbrusatolyl malonate 
XV. Bisdihydrobrusatolyl 


IX. 3,15-Disenecioyl 


succinate 


succinate 
XVII. Tetrahydrobrusatol 


XIX. 2-Hydroxy-2-deoxotetra- 
hydrobrusatol lactol 


XVI. Bistetrahydrobrusatolyl 


XVIII. Dihydrobrusatol 


XX. 0.05% Polvsorbatewater 


Control, % 
1 p M  10pM 100pM 


76.8 53.8 47.3 
76.8 28.4 10.9 
85.8 76.5 61.9 
87.4 60.2 53.6 
76.4 64.4 55.4 
70.6 57.3 53.9 


54.2 33.1 26.0 


91.9 77.6 67.0 


38.3 
6.0 
6.0 


125.0 
268.0 
695.0 


1.7 


125.0 


69.6 52.8 16.8 


85.7 67.1 62.4 


50.5 37.6 21.5 
69.4 46.1 21.4 
62.0 34.9 18.1 
57.8 19.9 8.7 
57.9 31.3 13.9 


84.7 69.9 54.9 


89.9 83.9 78.3 
69.4 63.8 43.0 
86.3 79.8 67.1 


100.0 100.0 100.0 


13.0 


1400.0 


1.3 
6.8 
2.7 
1.7 
2.0 


122.0 


1930.0 
50.0 


1120.0 


EXPERIMENTAL 


Source of Compounds-Bruceoside A (1) originally was isolated from 
Brucea jauanica (1,2). Brusatol(I1) was obtained by treating bruceoside 
A with 3 N HzS04-methanol(l:l) to hydrolyze the glycosidic linkage (3). 
Bruceantin (111) was obtained from bruceoside A by the synthetic method 
(20). The chemical synthesis, purification, and physical characteristics 
of compounds IV-XIX, i.e., brusatol esters, bisbrusatolyl esters, and 
related derivatives, were reported elsewhere (9). 


P-388 Lymphocytic Leukemia Antitumor Screen-The P-388 
lymphocytic leukemia cell line was maintained in DBA/2 male mice (-20 
g). For the antineoplastic screen, lofi cells were injected intraperitoneally 
into BDFl male mice (-20 g) on day 0. Test compounds were homoge- 
nized in 0.05% polysorbate 80-water and administered on days 1-14. The 
average number of days survived for each group was determined and T/C 
%values were calculated (10). Fluorouracil was used as a positive stan- 
dard. 


Studies of the effects of quassinoid esters on protein synthesis were 
conducted on P-388 cells harvested on day 10. P-388 lymphocytic leu- 
kemia lysates were prepared by the method of Kruh et al. (11). The fol- 
lowing were isolated from P-388 lysates by literature techniques: runoff 
ribosomes (121, “pH 5” enzyme ( l l ) ,  and uncharged transfer KNA (13). 
The P-388 lymphocytic leukemia cell initiation factors for protein syn- 
thesis were prepared as decribed previously (14). [3H]Methionyl-transfer 
RNA was prepared from P-388 cell transfer RNA by the method of 
Takeishi et al. (15). The effects of the brusatol esters on endogenous 
protein synthesis (4) of P-388 lysates were carried out in a reaction 


0.7 t 809 


BOTTOM TOP - 
SUCROSE DENSITY GRADIENT (10-25%) 


Figure 2-Effects of brusatol, bruceantin, and bisbruaatolyl malonate 
on the P-388 ribosomal profile KeJl a, brusatol. 0 ,  bruceantin, and V, 
bisbrusatolyl malonate 
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Table 111-Effects of Bisbrusatolyl Malonate on Te rna ry  and  
80s Complex Formation 


Complex 
Concentration, Formation, Control, 


PM pmole % 


Ternary Complex Formation 
Control 2.10 100 


t Emetine 100 2.02 96 + Pyrocatechol violet 100 0.21 10 
111. t Bruceantin 25 2.01 96 
11. + Brusatol 25 1.97 94 


XIV. + Bisbrusatolyl malonate 25 1.81 86 


80s Initiation Complex Formation 
Control 1.82 100 + Emetine 100 1.49 82 + Pvrocatechol violet 100 0.36 20 


111. + Biuceantin 25 1.64 90 
11. + Brusatol 25 1.55 85 


XIV. + Bisbrusatolyl malonate 25 1.51 83 


mixture (0.5 ml) containing 10 mM tromethamine (pH 7.6), 76 mM KCI, 
1 mM adenosine triphosphate, 0.2 mM guanosine triphosphate, 15 mM 
creatine phosphate, 2 mM MgC12, 1 mM dithiothreitol, 0.1 mM of each 
of the essential amino acids, 0.9 mg/ml creatine phosphokinase, and 20 
pCi ["Hlleucine (56.6 Ci/mmole). An aliquot of the reaction mixture was 
incubated a t  30'. After 90 sec of incubation, test drugs or the standards 
(pyrocatechol violet or emetine) were added to a final concentration of 
1,10, and 100 p M .  A t  1-min intervals, 50-pl aliquots were removed from 
the reaction tubes and spotted on filter papers? which were treated for 
10 min in boiling 5% trichloroacetic acid, followed by 10 min in cold 5% 
trichloroacetic acid and washed with cold 5% trichloroacetic acid, 
ether-ethanol (l : l) ,  and ether. The filter papers were dried and counted 
in scintillation fluid. 


The effects of bruceantin, brusatol, bisbrusatolyl malonate, pyrocat- 
echo1 violet, and emetine on the ribosome profile (4) of P-388 cell lysates 
were assayed using the reaction medium described previously (500 pi) .  
Following drug addition to a 100-pM final concentration, the reaction 
was incubated for 4 min a t  37'. The reaction was terminated in ice and 
gradient buffer consisting of 1 ml of tromethamine (pH 7.6), 10 mM KCI, 
and 1.5 mM MgCL-6HzO was added. The mixture was layered over 36 
ml of 10-2570 linear sucrose gradient (4), prepared in gradient buffer, and 
centrifuged for 165 min a t  25,000 rpm in a swinging bucket rotor4 a t  4". 
The absorbance profile a t  260 nm was determined with a flow cell (light 
path 0.2 cm) attached to a ~pectrophotometer~. 


The reaction medium for the polyuridine (poly U)  directed poly- 
phenylalanine synthesis (16) contained 50 mM tromethamine (pH 7.6), 
12.5 mM magnesium acetate, 80 mM KCI, 5 mh4 creatine phosphate, 0.05 
mg/ml creatine phosphokinase, 0.36 mg/ml polyuridine6 (A280/A260 = 
0.34), 0.5 pCi [14C]phenylalanine (536 mCi/mmole), 75 pg uncharged 
P-388 cell transfer RNA, 70 pg of P-388 "pH 5"enzyme preparation, and 
0.9 AZ6" of P-388 cell runoff ribosomes. Test drugs I-XIX were present 
in 5-, lo-, and 15-pM concentrations. Incubation was for 20 rnin a t  30°, 


FRACTION NUMBER 


Figure 3-Formation of the 80s initiatiion complex of P-388 cell system 
(linear sucrose gradient centrifugation). Key: e, control; ., brusatol; 
e, bruceantin; and V, bisbrusatolyl malonate. 


,' Whatman No. 3. 
4 Beckman. SW 27. 


Gilford. 
Miles Laboratory, Inc. 


Table IV-Inhibition by Quassinoids of Polyuridine Directed 
Polyphenylalanine Syntheses of 10-Day P-388 Cells 


Control Protein Synthesis, 9% 
Concentration, p M  


Drugs 5 10 15 ID50 


I. 
11. 


111. 
IV. 
V. 


VI. 


VII. 


VIII. 


IX. 
X. 


XI. 
XII. 


XIII. 
XIV. xv. 
XVI. 


XVII. 
XVIII. 


XIX. 


XX. 


Bruceoside A 
Brusatol 
Bruceantin 
Brusatol triacetate 
Bruceolide 
3-(3,4-Dimethyl-2-pen- 


tenoyl) bruceolide 
3-(3,4-Dimethyl-P-pen- 


tenoyl) bruceantin 
12-Acetyl-3,15-disenecioyl 


bruceolide 
3,15-Disenecioyl bruceolide 
Bis-l2,12'-diacetyI 


brusatolyl succinate 
Bisbrusatolyl adipate 
Bisbrusatolyl glutarate 
Bisbrusatolyl succinate 
Bisbrusatolyl malonate 
Bisdihydrobrusatolyl 


Bistetrahydrobrusatolyl 


Tetrahydrobrusatol 
Dihydrobrusatol 
2-Hydroxy -2-2-deoxotetra- 


hydrohrusatol lactol 
0.05% Polysorbate.water 


succinate 


succinate 


76 63 40 12.5 
54 43 23 6.4 
75 58 34 11.5 
92 87 80 90.0 
77 55 38 11.6 
80 67 45 13.5 


44 36 19 2.9 


90 80 72 46.0 


48 39 20 4.4 
84 71 60 21.5 


53 41 22 6.0 
51 40 22 5.2 
39 27 15 2.7 
31 18 8 1.9 
45 36 21 3.4 


81 66 50 15.0 


83 70 48 14.5 
79 65 42 13.0 
80 72 65 36.0 


100 100 100 


after which a 35-pl aliquot was spotted on filter paper? and processed as 
indicated previously. 


The reaction medium (200 pl) used to measure the formation of the 
80s initiation complex and the methionyl puromycin reaction (17) con- 
tained 15 mM tromethamine (pH 7.6), 80 mM KCl, 1 mM adenosine 
triphosphate, 0.5 mM guanosine triphosphate, 20 mM creatine phos- 
phokinase, 3 mM magnesium acetate, 0.1 mM edetic acid, 1 mM di- 
thiothreitol, 0.1 mM each of the 19 essential amino acids, 3 mg of p-388 
cell lysates, 100 pg/ml chl~rtetracycline~ 3 X 105 cpm [3H]methionyl- 
transfer RNA, and 20 pg/ml (polyadenosine-uridine-guanosine); and 
5 p1 of bruceantin, brusatol, and bisbrusatolyl malonate (25 pmoles). The 
incubation was carried out a t  23' and aliquots were withdrawn after 2 
rnin to analyze for 80s complex formation. Puromycin (10 pg/ml) was 
then added to the reaction medium. The incubation was continued for 
another 6 min and aliquots were withdrawn to analyze for reaction of the 
80s complex with puromycin. All aliquots (50 pl) were diluted to 250 pl 
with 20 mM tromethamine (pH 7.6), 80 mM KCI, 3 mM magnesium ac- 
etate, 1 mM dithiothreitol, and 0.1 mM edetic acid, layered on 11.8 ml 
of a 15-30% linear sucrose gradient, and centrifuged for 3 hr at  36,000 rpm 
in a swinging bucket rotora. Fractions (0.4 ml) were collected and pre- 
cipitated with 10% trichloroacetic acid on filter papers and counted. 


The reaction mixtures (75 pl) for the ternary complex formation' (18) 
contained 21.4 mM tromethamime (pH 8.0), 80 mM KCI, 0.26 mM gua- 


a 
2 
U 1 6 !  


n I 
i 


I \  Y 


8 16 24 30 
FRACTION NUMBER 


Figure 4-Effects of quassinoids in the rnethinoyl puromycin reaction 
of P-388 cell system (linear sucrose gradient centrifugation). Key: e, 
control; ., brusatol; e, bruceantin; and V, bishruaatolyl malonate. 


7 Sigma Chemical Co. 
a Beckman S W  40. 
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Table V-Effects of Bisbrusatolyl Malonate on Amino Acid 
tRNA Activation in P-388 Lymphocytic Leukemia Cells 


Amino Acid 
t-RNA 


Concentration, Formation, Control, 
Inhibitor PM pmole % 


('~C]Phenylalanine-tRNA 
Control 1.05 100 -.... ~ + Emetine 100 0.97 92 + Pyrocatechol violet 100 0.98 93 


111. + Bruceantin 50 0.96 91 
11. + Brusatol 50 0.95 90 


XIV. + Bisbrusatolyl malonate 50 0.97 92 


["H]Leucyl-tRNA 
Control 1.83 100 


t Emetine 100 1.74 95 + Pyrocatechol vioilet 100 1.72 94 
111. + Bruceantin 50 1.68 92 
11. + Brusatol 50 1.72 94 


XIV. + Bisbrusatolyl malonate 50 1.76 96 


3H]Methionyl-tRNA 


t Emetine 100 + Pyrocatechol violet 100 
111. + Bruceantin 50 


Control ' 1.62 100 
1.54 95 
1.57 97 
1.59 96 


11. t Brusatol 50 1.56 98 
XIV. + Bisbrusatolyl malonate 50 1.52 94 


nosine triphosphate, 2.14 mM dithiothreitol, 10 pg of bovine serum al- 
bumin, 5 pmoles of p-388 cell [3H]methionine-transfer RNA (Met-tRNAf, 
1 X lo4 cpm), 100 A26o/ml of crude P-388 cell initiation factors and 10 p1 
of drug or standard. The incubation was conducted for 5 min at  37' and 
terminated by addition of 3 ml of cold buffer [21.4 tromethamine (pH 
8.0), 80 mM KCI, and 2.14 mM dithiothreitol]. The samples were filtered 
through 0.45-pm filters, washed twice in buffer, and counted. 


The reaction mixture (75 p l )  for the 80s initiation complex2 (18) for- 
mation contained, in addition to the components necessary for the ternary 
complex formation reaction, 1.9 mM magnesium acetate, 5 Azso/ml pol- 
yadenosine-uridine-guanosine7, and 100 A26o/ml of 80s P-388 cell ri- 
bosomes. Incubation was 10 min a t  37" which was then cooled to 4' and 
titrated to 5 mM with magnesium acetate. After 5 min a t  4', the samples 
were diluted with cold buffer [21.4 mM tromethamine (pH K O ) ,  80 mM 
KCI, 5 mM magnesium acetate, and 2.14 mM dithiothreitol] and filtered 
as indicated for the ternary complex formation experiment. 


Amino acid transfer RNA activation steps were determined by the 
method of Moldave (19). The reaction medium contained 0.1 mM tro- 
methamine (pH 7.4),0.2 mM adenosine triphosphate, 0.3 mg/ml "pH 
5" enzyme from P-388 cells, and 2.5 pCi/ml of [14C]phenylalanine (536 
mCi/mmole), [3H]leucine (56.5 Ci/mmole), or ["Imethionine (80.0 Ci/ 
mmole) in a total volume of 1 ml. After incubation a t  37' for 20 min, 2 


ml of ice cold 10% trichloroacetic acid was added and the activated amino 
acid-transfer RNA was collected on nitrocellulose filters. 
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Abstract 0 Nitroglycerin administered orally undergoes substantial 
presystemic elimination. I t  was shown recently that first-pass hepatic 
metabolism of high clearance drugs can be substantially avoided uia rectal 
administration. In applying this concept to nitroglycerin in rats, it was 
found that unrestricted rectal instillation of nitroglycerin (at. 3.5-mg/kg 
dose) gave a mean f S D  bioavailability of 26.7 f 7.0% ( n  = 6j compared 
to 1.8 f 0.9% (n = 5) from oral dosing. This mode of dosing did not lead 
to complete avoidance of first-pass metabolism of nitroglycerin in rats. 
When the rectal exposure length to nitroglycerin was restricted to 3.5 cm 
from the anus, the mean fSD bioavailability increased to 83.5 f 74.5% 
( n  = 14). However, the variability in bioavailability was extremely large. 
When the rectal exposure length was restricted to 2.0cm from the anus 
(at 1.75-mg/kg dose), nitroglycerin bioavailability was estimated a t  91.2 
f 30.4% ( n  = 6). The plasma nitroglycerin concentrations (>5 min) ob- 
tained after this mode of administration were similar to t,hose achieved 
after intravenous dosing. The data showed that substantial avoidance 
of presystemic nitroglycerin metabolism can be achieved uia rectal ad- 
ministration. This avoidance can be nearly complete if nitroglycerin is 
limited in exposure to only the lower rat rectum. It, was also demonstrated 
that sustained (at  least 24 hr) nitroglycerin delivery uia the rat rectal 
route was feasible with an experimental osmotic minipump. This delivery 
system also produced nearly complete bioavailability for nitroglycerin 
in the rat. 


Keyphrases Nitroglycerin-rectal absorption, avoidance of first-pass 
metabolism as a function of rectal length exposure, rats Absorption, 
rectal--nitroglycerin, avoidance of first-pass metabolism as a function 
of rectal length exposure, rats 0 First-pass metabolism-avoidance as 
a function of rectal length exposure, nitroglycerin, rats 


Nitroglycerin undergoes extensive and variable first- 
pass metabolism when administered orally in rats (1-3) 
and in humans (4). Recent studies showed that rectal ad- 
ministration of lidocaine, propranolol, and salicylamide 
in rats led to substantial avoidance of first-pass metabo- 
lism of these drugs (5-7). The possibility of similar im- 
provement in bioavailability of nitroglycerin, another 
high-clearance drug, through the rectal route has been 
suggested (5). This hypothesis, however, has not been 
tested. 


The  studies reported here were designed, therefore, to 
determine the bioavailability of nitroglycerin after rectal 
administration in rats. Since drug spreading in the colon 
and rectum may lead to reduction of avoidance of first-pass 
metabolism (5), rectal dosing of nitroglycerin was carried 
out with three different lengths of rectal exposure to ex- 
amine this effect. Finally, an experimental rectal delivery 
system was tested to explore whether sustained and com- 
plete absorption of nitroglycerin was feasible uia the rectal 
route. 


BACKGROUND 


Since its introduction int,o clinical practice by Murrell ( 8 )  about 100 
years ago, nitroglycerin has been the drug of choice for the acute relief 
and prophylaxis of angina pectoris. Interest in nitroglycerin has increased 
substantially in the past few years because new important clinical use 
for this drug has been documented For example, nitroglycerin improved 


hemodynamics in patients with congestive heart failure (9), myocardial 
infarction (lo),  and unstable angina (11). Recently, this drug has been 
also used for the induction of hypotension during anesthesia and surgerv 
(12).  In spite of the long history of use and the increasing therapeutic 
scope of nitroglycerin, however, many basic aspects of the pharmacoki- 
netics of this drug have not been investigated. The recent availability of' 
sensitive analytical methods (13, 14) have made initiation of these studies 
(1-4) possible. 


Oral sustained-release dosage forms of nitroglycerin are used clinically 
for prophylaxis of angina. The effectiveness of these dosage forms, and 
indeed the oral route itself, have been a subject of considerable debate 
in the literature (15). The pioneering work of Needleman et al. (1) showed 
that oral dosing of nitroglycerin in rats gave negligible blood concentra- 
t,ions of intact drug compared to  those found for metabolites. Since 
human liver biopsy samples were shown to have an enzyme capacity 
similar to that found in rats, these authors concluded that there is no 
rational basis for oral nitroglycerin use. However, t,his suggestion had been 
refuted by clinical experience (16) and also by a well-conducted clinical 
study (17) which showed oral nitroglycerin to have significant benefits 
in controlling angina. Recent pharmacokinetic data (4,18) also showed 
tha t  intact nitroglycerin could be detected in plasma after oral admin- 
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Figure I-Plasma iiitroy/yct~rin coricc,niratiof~s fol loi i~ir i~ diffttrclrit 
routes of adminis trat ion at  3.50 mylkg.  Llatn reprf'sent m m n  f S1) of 
rf%trictedrecta/  (9.5 c m )  (O);clnreslric.~c,drr'ctn/ ( A ) ; ( i n d f ~ r a i  ( A )  ad-  
ministration. Plasma concentration c u r ~ ~  aftpr intraiwnous dosing (0) 
represents the predicted mean values calculated from a 1.75-nig/kg 
nitrog/>,cerin dosvX. 
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Table I-Bioavailability of Nitroglycerin following Different Routes of Administration 


Number Peak Plasma Apparent 
Route of Dose, of Concentration", AUCb,  Bioavailability', 


Administration m g k  Animals ng/ml ng min/ml 90 


1.8 f 0.9** Oral 3.50 5 9 f 5* 0.09 f 0.04* 
Unrestricted rectal 3.50 6 170 f 58 1.28 f 0.34 26.7 f 7.0+ 
Restricted rectal (3.5 cm) 3.50 14 189 f 181 4.02 f 3.57 83.8 f 74.5 


91.2 f 30.4 Restricted rectal (2.0 cm) 1.75 6 129 f 56 2.19 f 0.73 


and all other gI'(JUpS ( * * I ,  and from 100% and restricted rectal (2.0 cm) dosing group (+). 
0 Mean * SD * Area under plasma concentration uersus time curve. See Experimental Symbols indicate significant difference from all other groups (*); from 100% 


istration of sustained-release capsules in humans. A report has appeared 
which suggests the bioavailability of a retard capsule to be -20% of an 
equivalent dose of a sublingual tablet (4). In rats, the bioavailahility of 
an oral nitroglycerin dose in aqueous solution was -2% after a nitro- 
glycerin dose of 7 mg/kg of body weight (2). Interanimal variability in oral 
bioavailability was also large. This variation has been found to be pri- 
marily due to the difference in the intrinsic activity of liver organic nitrate 
reductase in each individual animal (3). The composite evidence to date 
suggests, therefore, that although oral nitroglycerin may be bioavailable 
in part, first-pass metabolism (primarily hepatic in nature) is both ex- 
tensive and variable. 


A recent study has shown that the first-pass hepatic metabolism of 
lidocaine, another high clearance drug, could he avoided uia rectal ad- 
ministration. This avoidance was partial in humans (5) but almost 
complete in rats (6). Nitroglycerin may exhibit a similar dependency. It 
was pointed out (7) that at least two sets of rectal veins (upper and lower) 
carry blood from the rat rectum: the upper rectal vein feeds into the portal 
vein, while the lower rectal vein empties into the inferior vena cava di- 
rectly without first passing through the liver. Thus, drugs absorbed rec- 
tally and carried into the body uia the upper rectal vein can be, in prin- 
ciple, subjected to first-pass elimination, while drug carried through the 
lower rectal vein is not. It is therefore anticipated that avoidance of 
first-pass metabolism may be dependent on the length of the rectum 
which is exposed to the drug solution. It is believed that there has not been 
any documentation of this phenomenon in the literature. Therefore, the 
bioavailability of rectally administered nitroglycerin as a function of 
rectal length exposure was examined to determine whether this hy- 
pothesis can be substantiated. 


A major disadvantage of rectal delivery of drugs is that the bioavail- 
ability is highly variable. This Variability may be caused by the difference 
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Figure ?--Plasma nitroglycrrin concfrztrations following restricted 
rcctol (2.0 c m )  administration at 1.75 mglkg. Data represent'mean f 
STI after rctstrictrd rw ta l  (2.0 crn) administration, (0) ;  and mean after 
irztmirrririus dosingX ( 0  1. 


in the time elapsed between rectal drug administration and bowel 
movement in individual subjects (19). If a rectal delivery device can be 
fabricated which produces ideal zero-order release a t  all times, then re- 
moval of the device for bowel movement and reinsertion of the same 
device (or for aesthetic reasons, a fresh one) afterwards will potentially 
allow the drug to be delivered a t  the same rate before and aft,er bowel 
movement. For nitroglycerin, which has an extremely short half-life ( t  112 
= -2-3 min) (2,20,21), zero-order delivery through the appropriate part 
of the rectum may also produce sustained plasma drug concentrations 
leading to potential prolongation of the therapeutic effects of the drug. 
The last part of this report deals with studies that explored the possibility 
of using an experimental osmotic pump system to produce sustained 
delivery and improved bioavailability of nitroglycerin in the rat. 


EXPERIMENTAL 


Materials-Nitroglycerin and isosorbide dinitrate solutions in hexane 
were prepared according to a previous report (14). A commercial 10% 
(w/w) nitroglycerin-lactose adsorbatel was used to prepare the aqueous 
and propylene glycol nitroglycerin solutions. T o  obtain the lactose-free 
nitroglycerin, an aqueous solution of the powder was extracted with ether, 
which was then evaporated under a gentle nitrogen stream. The resultant 
oil was dissolved in distilled water or propylene glycol to yield the ap- 
propriate concentration, which was then confirmed by gas chromato- 
graphic assay (14). 


Animals-Male Sprague-Dawley rats2 (300-360 g) were used. The 
right jugular vein was cannulated chronically (22). Animals were used 
after a t  least 16 hr of fasting prior to nitroglycerin administration and 
allowed free movement in a metabolic cage after dosing. Blood (-0.5 ml) 
was withdrawn uia the jugular vein cannula a t  appropriate times. 


Bolus Administration Studies-Nitroglycerin in normal saline so- 
lution (1.22 mg/ml) was used. For unrestricted rectal dosing, a septum 
plug3 was affixed to the anus with glue4. Nitroglycerin was then injected 
into the rectum with a syringe through the septum. For restricted rectal 
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Figure 3-A representative plot of in vitro nitrog/>,cer~n release f rom 
osmotic minipump.  


1 Nitroglycerin 10% (w/w) in lactose, ICI America. Atlas Chemical Division. 
Wilmingtiin, DE 19899. 


Blue Spruce Farms, Altamont, NY 12009. 
F-146 Septum plugs. 6.5-mm diameter, Alltech Associates, Arlington Heights, 


11. finnn4. .- ._ -. 
New Elmer's Wonder Bond, Horden, Inc., Columhus, OH 43215 
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Figure 4-111 vivo nitroglycerin rectal deliuery via osmotic minipump 
(upright placement). Different symbols indicate different animals. In  
the rat denoted by open circles, the plasma concentrations were indis- 
tinguishable from blank ualues at  times beyond I hr. 


dosing, a device was constructed which connected two septum plugs a t  
a fixed distance (either 2.0 or 3.5 cm) with a stainless steel wire. This 
device was inserted into the rectum from the anus while the animal was 
under slight ether anesthesia. The upper septum plug5 was used to avoid 
upward spreading of nitroglycerin solution. The lower septum plug3 was 
glued to the anus. Drug solution was injected into the rectum following 
the wit.hdrawal of a volume of air from the rectum identical to that of the 
rectal drug solution. For oral administration, nitroglycerin solution was 
introduced by intubation to rats under slight ether anesthesia. Nitro- 
glycerin doses were 3.50 mg/kg for unrestricted rectal dosing, restricted 
rectal dosing at  3.5-cm rectal length exposure, and oral dosing; and 1.75 
mg/kg for restricted rectal dosing a t  2.0-cm rectal length exposure. The 
lower dose was used in the last case because of limitations in the aqueous 
soluhility of nitroglycerin and in the volume of dosing solution which 
could be inject.ed a t  that  specified rectal length exposure. 


Sustained Rectal Delivery Studies-Osmotic pumpsfi were used as 
possible drug delivery systems for sustained rectal delivery of nitro- 
glycerin. Nit.roglycerin was dissolved in propylene glycol a t  89.0 mg/ml. 
Each minipump was filled with -0.2.5 ml of drug solution. The pump was 
placed a t  the bottom of a round-bottom flask in 200 ml of normal saline 
at 37'. The solution was stirred a t  60 rpm and sampled from 12 to 36 hr 
(0.5 mlhample) to determine the in uitro nitroglycerin release rate. 


After this in uitro experiment, the minipump was washed with saline, 
blotted dry, and inserted into the rat. The osmotic pump was inserted 
into the rectum either in the upright (release hole pointing toward the 
intestine) or inverted position under slight ether anesthesia. For upright 
placement, the bottom of the osmotic pump was glued directly in place 
at the anus. For inverted placement, the neck plug of the pump was 
connected to a septum3 by a stiff wire. This delivery system was inserted 
into the rectum and the septum was secured a t  the anus with glue. Blood 
samples were withdrawn up to 24 hr after insertion of these devices. 


Assay of Nitroglycerin-After collection, blood samples were im- 
mediately transferred to chilled centrifuge tubes and centrifuged. Ali- 
quots of plasma (0.2 ml) were mixed with 1Opl of 1 N silver nitrate and 
stored a t  -20' until assay. In the in uitro release experiment, 0.1-ml al- 
iquots were assayed. The samples were extracted with hexane and ni- 
troglycerin concentrations were determined by a previously reported gas 
chromatograph procedure (14) using isosorbide dinitrate as the internal 
standard. 


The glue and septum plugs used were shown not to produce any in- 
terference in the assay of nitroglycerin. Sham experiments conducted 
using these devices showed also that the apparent clearance of nitro- 
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F-174 Septum, 9.0-mm diameter, Supelco, Inc., Bellefonte, PA 16823. 
ALZET Osmotic minipump, Model 2001, A h ,  Palo Alto, CA 94304. 
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Figure 5-In vivo nitroglycerin rectal deliuery via osmotic minipump 
(inuerted placement ). Data represent mean f SD. 


glycerin after intravenous injection was unaltered. 
Calculation of Statistics-The area under the plasma concentration 


uersu.7 time curve (AUC)  was computed using the spline method from 
a commercially available program with a desk top computer7. Residual 
area of AUC (AUCp-,) was estimated by C,/k, where k was the first- 
order kinetic rate constant derived from linear least-square regression 
using the last three plasma concentrations of each experiment and CL was 
the plasma nitroglycerin concentration a t  the last sampling time. The 
apparent bioavailability ( F )  after oral or rectal dosing was estimated by 
the traditional method of comparing the AUCo _ m  to that of an equivalent 
intravenous dose. I t  is assumed here that the systemic clearance is in- 
dependent of the route of administration. The apparent systemic clear- 
ance after intravenous bolus administration in rats has been found to be 
independent of dose from 0.15 to 2.5 mg/kg and has a value of730 f 241 
ml/min/kg (mean f S D ,  n = 26)8. 


Statistical analysis was performed using the unpaired t test and p < 
0.05 was employed to establish statistical significance. 


RESULTS AND DISCUSSION 


Plasma nitroglycerin concentrations observed a t  various times after 
oral, rectal, and intravenous administration are shown in Fig. 1 (3.50- 
mg/kg dose) and Fig. 2 (1.75-mg/kg dose). Intravenous bolus doses of 
nitroglycerin a t  3.50 mg/kg were found to be toxic to  the animals, many 
of which exhibited immediate severe convulsions, presuniably because 
of the extremely high initial concentrations. The intravenous curve shown 
in Fig. 1 was constructed, therefore, from the mean data of 1.75 mg/kg 
iv dose after correction for dose. I t  will be shown elsewhere8 that the 
systemic intravenous nitroglycerin clearance in the rat is essentially 
concentration independent below its toxic dose. 


Oral bioavailability of nitroglycerin at  3.50 mg/kg in aqueous solution 
was shown to be poor (Fig. 1). The apparent bioavailability was found 
to be -2% a t  this dose (Table I), which agrees with data obtained previ- 
ously a t  7 mg/kg (2). 


Three rectal lengths of exposure were used to determine the degree 
of avoidance of first-pass iii-~tabolism of nitroglycerin in the rat. In the 
first case, only one septum was affixed a t  the anus and the administered 
drug was allowed to spread unrestricted into the lower and upper intes- 
tines. In a preliminary experiment using a dye as a marker, it was noted 
that this mode of administration led to significant upward spreading of 
the rectal dose, presumably due to peristaltic movement of the GI tract. 
When nitroglycerin was given in this manner, the bioavai1abilit.y was 
found to be 26.7 f 7.0% (Table I) of a comparable intravenous dose. This 
bioavailability was -15 times that. of an oral dose, indicating that rectal 
dosing led to some avoidance of first-pass metabolism. 


When the rectal dosing solution was restricted to a region no further 
than 3.5 cm from the anus, absorption of nitroglycerin was considerably 
improved but rather variable (Fig. 1). The terminal half-life obtained 


Hewlett-Packard 9825A Calculator. Hewlett-Wckard, Loveland, CO 80537. 
H.-L. Fung, G. A. Maier, H. Ogata, and A. Kamiya. unpublished data. 
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Table  11-Individual Data on In Vivo Nitroglycerin Rectal  
Delivery via Osmotic Pump (Inverted Placement) 


Mean Plasma 
Nitroglycerin Estimated‘ Mean 


In Vitro Concentration In Viuo 
Release Rate, (1 - 24 hr), Release Rate, 


Rat Mlhr  nglml ClgIhr 


4 


65.8 3.32 f 2.14 48.0 
38.7 3.46 f 1.66 50.0 
30.1 3.11 f 1.41b 45.0 
76.5 3.55 f 1.76 51.3 


Mean f SD 52.8 f 21.9 3.40 f 1.72 48.6 f 2.7 
~~ ~ 


Mean f SU 1 - 4 hr only, rectal septum bitten off by animal. ko = 
( T b s  ( ‘ 1  


after this mode of administration (16.5 f 8.4 min, mean f SD)  appeared 
larger than, though not statistically different from, those observed after 
unrestricted rectal ( t , ~ ?  = 10.1 f 3.2 min) and intravenous administration 
(18.3 f 6.1 min). Since the plasma clearance of nitroglycerin was shown 
to he independent of intravenous dose*, it is unlikely that the systemic 
clearance of nitroglycerin has been altered with this mode of dosing. Any 
potential divergence in apparent plasma half-life in the present case 
might have arisen instead from differences in absorption rates among 
the treatments, since flip-flop kinetics might he operative after nonin- 
travenous administration (2). Using these assumptions, the apparent 
bioavailability of nitroglycerin from this mode of rectal dosing (restricted, 
3.5 cm) could be estimated as 83.8 f 74.5% (Table I ) ,  which was -3 times 
higher than that. found in the case where the rectal solution was unre- 
stricted. 


Figure 2 shows the case in which the dose was restricted to the lowest 
2.0 cm of the rectum. I t  is apparent that, except for the first time point, 
the rectal dose yielded similar plasma nitroglycerin concentrations 
compared to an equivalent intravenous dose. Indeed, the ALIC’s calcu- 
lated for these two routes of administration were not statistically different 
( p  > 0.05). The bioavailability of this rectal mode of dosing was estimated 
at 91.2 f 30.4%, (Table I). The interanimal variability was noticeably 
smaller here than in the previous case where rectal exposure was set a t  
3.5 cm. 


It is quite clear, then, that rectal administration of nitroglycerin in the 
rat leads to substantial avoidance of the first-pass metabolism of nitro- 
glycerin. Consistent with anatomical prediction, this avoidance decreases 
when the rectal dose is exposed to the upper rectal area where drug can 
be adsorbed through the upper rectal veins and transported uia the portal 
vein to the liver. It is believed that this is the first instance in which this 
suspected relationship of drug rectal length exposure to avoidance of 
first-pass metabolism has been clearly demonstrated. 


A previous study has shown that instillation oflidocaine into the un- 
restricted rectum of rats led to near complete bioavailability of this drug 
(6). As far as can be determined, the present experimental procedure in 
the unrestricted rectum case was similar to that used by these authors, 
with the possibly important difference in the volume of rectal solution 
used. This study (6) used an instillation volume of 0.4 ml, whereas a 
volume of -1.0 ml was used in the present study. The smaller volume used 
in the lidocaine study might permit less upward spreading of the dose, 
thus allowing more complete avoidance of first-pass metabolism. It is also 
possible that this apparent discrepancy may have arisen from the dif- 
ference in the permeability and metabolic properties of the drugs 
themselves. 


The osmotic minipump has been reported to produce sustained zero- 
order drug delivery in uiuo (23). This particular experimental device was 
test.ed to  explore whether rectal delivery of nitroglycerin can produce 
almost complete bioavailability as well as sustained plasma drug con- 
centrations over a 24-hr period. When these minipumps were filled with 
a propylene glycol solution of nitroglycerin (an aqueous solution was 
impossible because of solubility limitations), the in uitru release was 
shown to be zero-order in nature (Fig. 3). Preliminary trials of these mi- 
nipumps inserted into the animal in the upright position showed them 
to  be ineffective in producing sustained plasma nitroglycerin concen- 
trations (Fig. 4). Since zero-order delivery of drugs from the osmotic 
minipump depends, among other factors, on an unobstructed aperture 
in the pump itself, fecal materials which might have been deposited on 
the aperture could interfere with drug delivery. When the osmotic mi- 
nipump was inverted so that the pump aperture now pointed toward the 
anus (which was sealed with a septum), the desired pharmacokinetic 
release profile was observed. Figure 5 shows the mean ( f S D )  plasma 
concentrations of nitroglycerin over 24 hr after insertion of the rectal 


osmotic minipumps in the inverted position in four rats. Although t.hese 
pumps had been pre-equilibrated in saline at 37’ for at  least 36 hr (during 
which time the in oitro release rate was determined), an initial burst of 
nitroglycerin release was observed upon insertion of those devices. 
However, the plasma nitroglycerin concentrations from 1 to 24 hr after 
rectal pump insertion were quite stable (Fig. 5 and Table 11). 


I t  was noted that the in uitro drug release rate of the minipumps was 
quite variable. The reasons for this variability are not known presently. 
The in uiuo release rate of each minipump could not he measured directly 
but could be approximated by the equation ho = Chs Cl  where Css is the 
measured mean steady-state plasma nitroglycerin concentration in each 
animal and C[ is the systemic clearance of nitroglycerin (which averages 
241 ml/min/300-g rat). Based on the mean values (Tahle 11) the estimated 
in LliUO release rates for the osmotic pumps appeared similar to the 
measured in tjitro rates. This agreement suggests that near complete 
bioavailability can be achieved with this mode of rectal dosing. I t  would 
appear then that the experimental osmotic pump, when placed in the 
inverted position, can provide both sustained and complete delivery of 
nitroglycerin uia the rectal route. 


CONCLUSIONS 
The  present studies showed that rectal dosing of nitroglycerin in rats 


can lead to substantial avoidance of first-pass metabolism. If the nitro- 
glycerin dose can be restricted to the lower rectum, this avoidance can 
be made complete. It has been shown that an experimental osmotic pump 
is capable of producing sustained and apparent zero-order release of ni- 
troglycerin over a 24-hr period. Since the degree of avoidance of first-pass 
metabolism from rectal administration is somewhat less in humans when 
compared to the rat (5, 6), the applicability of t.he present findings to 
rectal absorption of‘ nitroglycerin in humans has to be validated. 


REFERENCES 
(1) P. Needleman, S. Lang, and E. M. Johnson, Jr., J .  Pharmacol. 


(2) P.  S. K. Yap and H.-L. Fung, J .  Pharm. Sci., 67,584 (1978). 
(3) G. A. Maier, C. Arena, and H.-L. Fung, Biochcm. Pharrnacol., 


29,646 (1980). 
(4) V. H. Maier-Lenz, L. Ringwelski, and A. Windorder, Arzneim.- 


Forsrlz., 30, 320 (1980). 
(5) A. G. de Boer, D. D. Breimer, H. Mattie, J .  Pronk, and J. M. 


Gubbens-Stibbe, Clin. Pharmacol. Ther., 26,701 (1979). 
(6) A. G. de Boer, D. D. Breimer, d. Pronk, and J .  M. Gubbens-Stibbe, 


J .  Pharm. Sci., 69,804 (1980). 
(7) A. G. de Boer and D. D. Breimer, in “Drug Absorption,” L. F. 


Prescott and W. S. Nimmo, Eds., Adis Press, Balgowlah, Australia, 1981, 
pp. 61-72. 


Exp. Ther., 181,489 (1972). 


(8) W. Murrell, Lancet, I, 80, 113, 225, 642 (1879). 
(9) E. Mikulic, J. A. Franciosa, and J. N. Cohn, Circulation, 52,477 


(10) P.  W. Armstrong, D. C. Walker, J .  R. Burton, and J. 0. Parker, 


(11) P. R. Oliver, D. E. Plots, and R. G. Pluss, N .  Engl. J .  Med., 288, 


(12) H. A. Kaplan, R. W. Dunbar, and E. L. Jones, Anesthesiology, 


(13) M. T .  Rosseel and M. G. Bogaert, J .  Pharm. Sci., 62, 754 


(14) P. S. K. Yap, E. F. McNiff, and H.-L. Fung, ibid., 67, 582 


(15) J. C. Krantz, Jr.,  and C. D. Leake, Am.  J .  Cardiol., 36, 407 


(16) I. Hirshleifer, Curr. Ther. Res. 15, 158 (1973). 
(17) T. Winsor and H. J. Berger, Am. Heart J. ,  90,611 (1975). 
(18) H. P. Blumenthal, H.-L. Fung, E. F. McNiff, and S. K. Yap, Br. 


(19) M. M. Nowak, B. Grundhofer, and M. Gibaldi, Pediatrics 54,23 


(20) S. Lang, E. M. Johnson, Jr.,  and P. Needleman, Biochem. Phar- 


(21) R. L. Stein, J. K. O’Brien, C. Irwin, J .  K. Townsend-Parchman, 


(22) J .  R. Weeks and J. D. Davis, J .  Appl. Physiol., 19,540 (1964). 
(23) H. A. J. Struyker-Boudier and J. F. Smits, J .  Pharm. Pharmacol., 


(1975). 


ibid., 52,1118 (1975). 


745 (1973). 


45,14 (1976). 


(1973). 


(1978). 


(1975). 


J .  Clin. Pharmacol., 4,241 (1977). 


(1974). 


macol., 21,422 (1972). 


and F. E. Hunter, Jr.,  ibid., 29,1807 (1980). 


30,576 (1978). 


ACKNOWLEDGMENTS 
Supported in part by NIH grants HL 22273 and GM 20852. 


624 I Journal of Pharmaceutical Sciences 
Vol. 77, No. 6. June 7982 












Pharmacokinetics of Hydrochlorothiazide in Fasted and 
Nonfasted Subjects: A Comparison of Plasma Level and 
Urinary Excretion Methods 


RASHMI H. BARBHAIYA*s, WILLIAM A. CRAIG$, H. PERRI CORRICK-WEST*, and 
PETER G. WELLING*" 
Received March 30,1981, from the *School of Pharmacy, Veterans Administration Hospital, and the $School of Medicine, Uniuersity of 
Wisconsin, Madison, WI 53706. 
Pharmacokinetics, Bristol Laboratories, Syracuse, NY 13201. 


Accepted for publication July 1,1981. $Present address: Department of Drug Metabolism and 


Abstract The bioavailability of hydrochlorothiazide from 50-mg oral 
tablet doses was examined in healthy male volunteers under fasting and 
nonfasting conditions. Bioavailability was examined from plasma levels 
and urinary excretion of unchanged drug. The pharmacokinetics of hy- 
drochlorothiazide in plasma could be described in terms of a triexpo- 
nential function, and the mean drug half-lives determined from the three 
exponents were 1.0, 2.2, and 9.0 hr. Changing the accompanying fluid 
volume had no significant effect on hydrochlorothiazide absorption in 
fasted subjects. Plasma drug levels were significantly reduced in non- 
fasted individuals, compared with those in fasted individuals. A similar 
trend was observed in the urinary excretion of hydrochlorothiazide, but 
differences between treatments were not significant 0, > 0.05). Mean 
48-hr urinary recovery of hydrochlorothiazide was 70.5% of the dose in 
nonfasted subjects, and 73.5 and 75.0% of the dose in fasted subjects re- 
ceiving the drug with 20 and 250 ml of water, respectively. The cumulative 
urinary excretion of hydrochlorothiazide correlated poorly (r = 0.27) with 
areas under plasma drug level curves, although the correlation between 
the means of these values for each of the three treatments was high ( r  = 
0.996). Close similarity was observed between urinary excretion rates of 
hydrochlorothiazide and the time course of drug concentrations in 
plasma. 


Keyphrases 0 Hydrochlorothiazide-pharmacokinetics, fasted and 
nonfasted subjects 0 Pharmacokinetics-hydrochlorothiazide, fasted 
and nonfasted subjects 0 Diuretics-hydrochlorothiazide, pharmaco- 
kinetics in fasted and nonfasted subjects 


High-pressure liquid chromatographic (HPLC) proce- 
dures were described to measure hydrochlorothiazide in 
plasma and urine (1). Preliminary clinical data obtained 
in that study indicated that the elimination of hydro- 
chlorothiazide from plasma is biphasic in nature, and that 
its urinary excretion rate closely resembles its concentra- 
tion profile in plasma. 


This report describes studies in which previously de- 
scribed methods (1) were used to examine the plasma 
levels and urinary excretion of hydrochlorothiazide fol- 
lowing single oral doses to healthy male subjects, under 
fasting and nonfasting conditions, and with large and small 
accompanying fluid volumes. 


EXPERIMENTAL 


Subjects-Eight male volunteers', 23-35 years of age (mean 28) and 
weighing 64-84 kg (mean 78) participated in the study after passing a 
physical examination and giving informed consent. No subject had a 
history of drug allergy. 


Protocols-Subjects were instructed to take no drugs for 1 week be- 
fore, and no drugs other than hydrochlorothiazide during the study. No 
caffeine-containing beverages were permitted from 1 day before each 
hydrochlorothiazide dose until the end of the plasma and urine sampling 
periods. 


Hydrochlorothiazide2 was administered as three single-dose oral 


Technical staff and graduate students. 
Hydrodiuril50-mg tablets, lot B0686, MerCk Sharp and Dohme, West Point, 


Pa. 


treatments: treatment A, one 50-mg tablet with 250 ml of water, following 
overnight fast; treatment B, one 50-mg tablet with 20 ml of water, fol- 
lowing overnight fast; and treatment C, one 50-mg tablet with 250 mi of 
water, immediately following a standard breakfast. 


The treatments were administered according to a randomized crossover 
design, and subjects received each treatment 1 week apart. 


Subjects were instructed to eat no food after 8 pm, and no liquid after 
10 pm, on the day preceding each study. No further food apart from the 
breakfast in treatment C was permitted until 4 hr after each drug dose. 
After that time normal eating and drinking were permitted. 


On a treatment morning, 250 ml of water was ingested on arising, a t  
least 1 hr before dosing. The drug was administered at  8 am, the tablets 
being swallowed whole. No further liquid intake was permitted until 4-hr 
postdose. The standard breakfast consisted of cornflakes with milk, -150 
ml of orange juice, two poached eggs, two slices of toast, and a cup of 
caffeine-free coffee. 


Blood samples (10 ml) were taken from a forearm vein into vacuum 
tubes3 (containing heparin as anticoagulant) immediately before and then 
serially through 24-hr postdose. Urine was collected immediately before 
and then quantitatively at  intervals through 48-hr postdose. Plasma was 
separated from blood by centrifugation, and plasma and urine samples 
were stored at  -20' until assayed, generally within 2 weeks. 


Analytical-Concentrations of hydrochlorothiazide in plasma and 
urine were determined by the HPLC methods described previously (1). 
The methods are linearly sensitive to hydrochlorothiazide concentrations 
of 2-100 pg/ml in urine, and 10-750 ng/ml in plasma. The coefficients 
of variation from multiple determinations within these concentration 
ranges were within 10% of the mean. 


Analysis of the Data-Plasma hydrochlorothiazide concentrations 
L 


I I I I I I 1 1 I 
0 5 10 15 20 25 30 35 


HOURS 
Figure I-Mean plasma concentrations (@) and urinary excretion 
rates, (0) of hydrochlorothiazides following treatment A, 50-mg tablet 
dose with 250 ml of water on a fasted stomach. Error bars indicate fI 
SD. 


Vacutainer. 
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Figure 2-Mean plasma concentrations (0) and urinary excretion rates 
(0) of hydrochlorothiazide following treatment B, 50-mg tablet dose 
with 20 ml of luater on a fasted stomach. 


from each individual subject were fitted to a triexponential function of 
the form: 


C = Xe-e' + Ye-Bt + Ze-7' (Eq. 1) 


where C is the drug concentration in plasma a t  time t and other values 
are constants. 


Initial estimates of parameter values were obtained by standard 
graphical methods. Improved estimates, together with statistical analysis, 
were obtained by nonlinear regression using the NREG computer pro- 
gram (2). Plasma hydrochlorothiazide levels a t  each sampling time, uri- 
nary excretion data, and pharmacokinetic parameter values were ex- 
amined for subject and treatment effects by analysis of variance for 
crossover design. When significant treatment effects were obtained by 
analysis of variance, differences between treatments were examined by 
Tukey's test (3). 


Reagents-The sources of reagents and solvents were described 
previously (1). 
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Figure 3-Mean plasma concentrations (0) and urinary excretion rates 
(0) of hydrochlorothiazide following treatment C, 50-mg tablet dose 
with 250 ml of water immediately following a standard meal. 
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Figure 4-Mean plasma concentrations of hydrochlorothiazide fol- 
lowing treatments A (- -), B (-), and C (- - - a). 


RESULTS 


Plasma Hydrochlorthiazide Levels-The mean plasma hydro- 
chlorothiazide concentration curves from the three treatments are shown 
in Figs. 1-3. For comparison between treatments, the curves are combined 
in Fig. 4. 


The mean plasma drug profiles obtained from the two fasting treat- 
ments were almost identical. Mean peak drug concentrations of 310 and 
291 ng/ml were obtained -2.5-hr postdosing from treatments A and B, 
respectively (Table I). After this time, the drug levels declined rapidly 
to 12 hr, and at  a slower rate to 24 hr. 


The nonfasting dose of hydrochlorothiazide yielded drug profiles in 
plasma similar to the fasting treatments, but the drug concentrations 
tended to be lower. Plasma drug levels from treatment C were signifi- 
cantly lower ( p  < 0.05) than those from treatment A at  2 hr, and from 
treatment B at 4 hr. From Table I, the C,,, and AUC24 values from 
treatment C were significantly lower than those from treatment A, while 
treatment B yielded intermediate values. 


Analysis of individual drug curves in terms of Eq. 1 yielded the nu- 
merical values for the rate constants a, b, and y shown in Table 11. Almost 
identical mean values were obtained for each of the constants from the 
different treatments. The mean coefficients of determination, r2, obtained 
from nonlinear regression analysis [(Zobs2 - Zdev2)/Zobs2] were 0.91 
f 0.03,0.93 f 0.06, and 0.92 f 0.08 for treatments A, B, and C, respec- 
tively. 


Urinary Excretion of Hydrochlorothiazide-The mean cumu- 
lative urinary recovery of hydrochlorothiazide at each collection interval 
is shown in Fig. 5. The 24- and 48-hr mean recovery values are given in 
Table I. Overall recovery of hydrochlorothiazide was 75.0,73.5, and 70.5% 
of the dose from treatments A, B, and C, respectively. While urinary re- 
covery exhibited a similar trend to plasma levels, there were no significant 


Table I-Pharmacokinetic Parameter Values ( f l  SD, n = 8) for 
Hydrochlorothiazide 


Value Statistical 
Treatment Treatment Treatment Signifi- 


Parameter A B C cance 
-- 


Cmax", ng/ml 310f  130 291 f 80 241 f 6 6  A B C  
Tmaxb, hr 2.4 f 1.8 2.6 f 1.2 2.9 f 1.5 NSDc 
AUCZ4 d ,  ng 2097 f 717 2018 f 450 1777 f 384 


hr/ml 
AUZ4 e, 70 69.0 f 8.5 66.7 f 8.6 64.3 f 6.1 NSD 
A u ~ ~  f, 70 75.0 f 8.4 73.5 f 10.1 70.5 f 9.3 NSD 
R,$, ml/min 307 f 124 2 9 2 f 9 3  320f  100 NSD 


0 Maximum concentration of hydrochlorothiazide in plasma. Time of C,.. . 
No significant differences. d Area under hydrochlorothiazide concentration curve 


in plasma from zero to 24 hr, calculated by trapezoidal rule. e Cumulative 24-hr 
urinary excretion of hydrochlorothiazide. f Cumulative 48-hr urinary excretion 
of hydrochlorothiazide. g Renal clearance of hydrochlorothiazide, calculated by 
dividing At124 by AUC24. 
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Figure 5-Mean cumulative excretion of hydrochlorothiazide in urine 
following treatments A (- -), B (--), and C f- - - -1. 
differences in the urinary recovery from the different treatments. The 
renal clearance of hydrochlorothiazide was -300 ml/min, and there were 
no significant treatment effects in this value. 


DISCUSSION 


Information on the pharmacokinetics and bioavailability of the thiazide 
diuretics has been restricted by a lack of suitable analytical procedures. 
Early studies utilized colorimetry (4) but HPLC methods are now favored 
because of their greater sensitivity and specificity (5). Plasma hydro- 
chlorothiazide concentrations are approximately 100-fold lower than 
those in urine, and previous studies concerning plasma drug levels have 
used gas chromatography with electron-capture detection (6-8). 


The HPLC procedures used in this study are suitable for analysis of 
both urine and plasma hydrochlorothiazide levels following single ther- 
apeutic doses. Initial studies using these assay procedures (1) indicated 
that elimination of hydrochlorothiazide from plasma was biphasic. They 
also suggested that, while there is poor agreement between the areas 
under plasma level curves and cumulative urinary excretion of hydro- 
chlorothiazide (9, lo), there is close similarity between the time course 
of plasma drug levels and urinary excretion rates. 


The present study confirms these observations. While the biphasic 
decline of drug levels in plasma is based largely on data points obtained 
at  12 and 24 hr, this elimination pattern was reported previously (1,9). 
The half-lives calculated from the mean values of 7, a, and fl  in Table 
I1 are -1.0,2.2, and 9.0 hr, respectively, and these values were unaffected 
by the different treatments. The largest of these, the terminal half-life 
for hydrochlorothiazide in plasma, is similar to values reported previously 
(1,lO). 


The mechanism underlying biphasic elimination of hydrochlorothia- 
zide from plasma is unclear. Hydrochlorothiazide accumulates in 
erythrocytes, but equilibrium of drug between plasma water and blood 
cells is reached in 4 hr after an oral dose (10). The pattern of hydrochlo- 
rothiazide elimination from plasma is different from that of chlorothia- 
zide. In the case of hydrochlorothiazide, biphasic elimination is clearly 
evident in individual subjects, as shown in Fig. 6. However, in the case 
of chlorothiazide, while mean plasma levels could be described by a 
triexponential function, profiles in individual subjects were erratic and 
exhibited a sawtooth effect (11,12). 


The plasma drug levels obtained from the different treatments showed 
that the efficiency of hydrochlorothiazide absorption from oral tablets 
was not markedly influenced by fluid volume, but decreased when the 
drug was taken after a meal. The urinary excretion data showed a similar 
trend, but the treatment effects on drug excretion were not signifi- 
cant. 


Table 11-Values of Rate Constants (fl SD, n = 8) Obtained by 
Fitting Individual Plasma Hydrochlorothiazide Profiles to Eq. 1 


~~~~~~ 


Rate Constant, hr-' 
Treatment a B Y 


A 0.32 f 0.08 0.078 f 0.18 0.67 f 0.22 
B 0.32 f 0.08 0.078 f 0.18 0.65 f 0.52 
C 0.28 f 0.09 0.078 f 0.011 0.74 f 0.52 


400r 


l0L ' 
1 I I 1 I I 
0 5 10 15 20 25 


HOURS 


Figure 6-Plasma concentrations of hydrochlorothiazide in one subject 
following treatments A (- -), B (-1, and C (- - .). 


These results are inconsistent with a previous report in which hydro- 
chlorothiazide absorption was increased by food (7). Procedural differ- 
ences between the studies may account for this. In the present study, both 
fasted and nonfasted subjects were permitted normal food intake after 
4-hr postdosing. In the previous study, fasted subjects received no solid 
food until 10-hr postdosing, while nonfasted subjects received three 
regular meals during that period. Prolonged abstinence from food by the 
fasted subjects may have affected drug absorption due to altered GI se- 
cretion and motility. The previous study also employed a higher dose of 
hydrochlorothiazide (75 mg). 


The different effects of food on the GI absorption of hydrochlorothi- 
azide and chlorothiazide (11) are possibly related to dose size. Chlo- 
rothiazide was shown to be poorly absorbed from 250 and 500 mg doses; 
less than 25% of the administered dose was recovered in urine (12,13). 
Absorption was improved to only a small extent when chlorothiazide was 
administered as a solution, compared to tablets (12, 131, but doubled 
when chlorothiazide tablets were administered immediately following 
a meal (11). However, hydrochlorothiazide was efficiently absorbed from 
50-75-mg oral doses (6-9). 


The poor bioavailability of oral chlorothiazide may be due to saturable 
and site-specific absorption (5,ll).  The structural similarity of the two 
compounds suggests that hydrochlorothiazide may be absorbed by a 
mechanism similar to chlorothiazide, but the lower dose of hydrochlo- 
rothiazide precludes saturation of the absorption mechanism. While food 
may increase the bioavailability of oral chlorothiazide by reducing the 
rate at which drug is presented to the absorption site ( l l ) ,  this mechanism 
would be less important for lower doses of hydrochlorothiazide. The in- 
hibitory effects of food appear to dominate with this compound (14, 15), 
but these effects are small and are unlikely to be clinically significant. 


The negligible effect of altered fluid volume on hydrochlorothiazide 
absorption was unexpected. Hydrochlorothiazide has a low aqueous 
solubility (9), and large accompanying fluid volumes have been shown 
to increase the absorption of a number of lipophilic drugs (16). Previously, 
increased absorption has been attributed to more efficient drug disso- 
lution or faster stomach emptying (14). In the case of hydrochlorothiazide, 
these effects appear to be negligible. This is possibly related to the effi- 
cient absorption of hydrochlorothiazide in general; an increase in ab- 
sorption due to increased fluid volume would be difficult to detect. It 
could be speculated that any potential increase in drug release in the GI 
tract may be offset by saturable absorption, but other studies would be 
needed to confirm this. 


Although an official dissolution test exists for hydrochlorothiazide 
tablets (17), there have been differing reports on the ability of in uitro 
dissolution rates to accurately predict in vivo drug bioavailability (18, 
19). 


Correlations between individual areas under hydrochlorothiazide 
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plasma curves and cumulative excretion in the present study were poor. 
Correlation coefficients between AUC2‘ and A u ~ ~  (48-hr urinary excre- 
tion), and between C,,, and A u ~ ~  for all subjects were 0.25 and 0.27, re- 
spectively. Poor correlations between these parameters, which have been 
reported previously (9, 101, appear to be due to the variability of indi- 
vidual data and to the relatively small treatment effects, rather than to 
the lack of a true relationship. The correlation coefficient between mean 
AUC24 and Au@ values, and between mean C,, and A u ~ ~  values for each 
treatment were 0.996 and 0.997, respectively. 


The previous suggestion that the rate of hydrochlorothiazide excretion 
in urine closely resembles the time course of plasma levels ( 1 )  is confirmed 
in this study. Mean urinary excretion rates of hydrochlorothiazide are 
plotted together with plasma levels in Figs. 1-3. In each case, the overall 
urinary excretion rates exhibited a similar triphasic pattern to those in 
plasma. 


The high renal clearance of hydrochlorothiazide suggests that, like 
chlorothiazide, it is eliminated by both renal filtration and active secre- 
tion. 
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Abstract 0 Ten healthy volunteers received single 2-mg doses of lora- 
zepam on five occasions in random sequence. Modes of administration 
were: A, intravenous injection; B, deltoid intramuscular injection; C, oral 
tablets in the fasting state; D, sublingual dosage of oral tablets in the 
fasting state; and E, sublingual dosage of specially formulated tablets 
in the fasting state. Kinetic variables were determined from multiple 
plasma lorazepam concentrations meaured during 48 hr postdose. After 
intravenous lorazepam, mean (fSE) values were: elimination half-life 
( t  l/z&, 12.9 (k0.8) hr; volume of distribution, 1.3 (f0.07) literdkg; total 
clearance, 1.21 (f0.1) ml/min/kg. Absorption of intramuscular lorazepam 
was rapid. Peak plasma levels were reached at  1.15 hr after dosage, with 
absorption half-life averaging 14.2 (f4.7) min. Absorption of oral and 
sublingual lorazepam tended to be less rapid than intramuscular injec- 
tion, although differences were not significant. Times of peak concen- 


Lorazepam is a 3-hydroxy-f,4-benzodiazepine derivative 
in clinical use as an antianxiety and sedative agent (1,2). 
Clinical situations may arise in which oral administration 
of a sedative is unwise or not possible, and intravenous 
dosage is precluded because a physician is not available. 
In such circumstances’ injection usually is 
the Only The present study assessed the 
pharmacokinetics of lorazepam given sublingually to de- 
termine the possible clinical role of this administration 


tration were 2.37, 2.35, and 2.25 hr postdose for trials C, D, and E, re- 
spectively; values of absorption half-life were 32.5,28.5, and 28.7 min. 
Absolute systemic availability for trials B, C, D, and E averaged 95.9,99.8, 
94.1, and 98.2%, respectively; none of these differed significantly from 
100%. Values oft 1/20 were highly replicable within individuals regardless 
of the administration route. Thus, sublingual lorazepam is completely 
absorbed and is a suitable administration route in clinical practice. 


Keyphrases 0 Lorazepam-sublingual, pharmacokinetics compared 
with intravenous, intramuscular, and oral dosage forms 0 Pharmacoki- 
netics-sublingual lorazepam, comparison with intravenous, intramus- 
cular, and oral dosage forms 0 Dosage forms-sublingual lorazepam, 
pharrnacokinetics compared with intravenous, intramuscular, and oral 
dosage forms 


route as an alternative to oral or intramuscular adminis- 
tration. 


EXPERIMENTAL 


Subjects-Ten healthy male and female volunteers, 24-39 years of 
age, participated after giving written informed consent (Table I). They 
were free of any identifiable medical disease. Subject 10 was taking oral 
contraceptive steroids, but no other medications were being used on a 
regular basis. 
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Abstract 0 4 - Dimethylaminomethyl - 1 - (3 - hydroxyphenyl) - 1- nonen 
%one hydrochloride (11) was shown to stimulate respiration in rat liver 
mitochondria a t  levels of 2.5 fimoles or less; but a t  levels higher than 5.0 
fimoles, respiration was inhibited when succinate and 3-hydroxybutyrate 
were the substrates. Compound I1 caused inhibition of respiration in the 
presence of glutamate over the dose range studied. The stimulating effect 
of I1 was attributed to its functioning as an uncoupling agent. Its inhib- 
iting properties were considered to be due to its behaving like antimycin 
A in blocking transport of electrons between cytochromes b and c1. The 
effect of I1 on respiration in mitochondria varied with the pH of the 
medium. A conjugated styryl ketone, which contained a nuclear hydroxy 
function and was structurally related to 11, also stimulated respiration 
a t  low doses while inhibiting respiration a t  higher concentrations. Eth- 
erification of the hydroxy group led to compounds in which only stimu- 
lation of respiration was noted. 


Keyphrases Respiration, mitochondria-effect of 4-dimethylami- 
nomethyl-l-(3-hydroxyphenyl)-l-nonen-3-one hydrochloride and styryl 
ketone derivatives Mannich bases-prepared from styryl ketones, 
effect on respiration in mitochondria Styryl ketones-preparation of 
Mannich bases 


A number of Mannich bases (I) derived from styryl ke- 
tones containing chlorine or hydrogen atoms in the aro- 
matic ring have been shown to inhibit the electron trans- 
port chain in mitochondria of both rat liver cells and yeast 
(1, 2). These compounds were considered to exert their 
effect by competition with coenzyme &lo (1). Recently, 
4-dimethylaminomethyl-1 - (3-hydroxyphenyl) - 1 -nonen - 
%one hydrochloride (11), which is a Mannich base with a 
nuclear hydroxy group, was synthesized (3). Although it 
had little action against murine P-388 lymphocytic leu- 
kemia in contrast to some dichlorinated derivatives of I (4), 


it displayed anti-inflammatory analgesic properties as well 
as antifungal activity (3). 


Therefore, the questions were asked whether I1 would 
affect mitochondria1 function and, if so, whether its site 
of action would differ from that in series I. In addition, if 
I1 affected the electron transport chain, which is found in 
the inner membrane of the mitochondria, it could be a 
carrier group to which other molecular entities may be 
attached uia the hydroxyl group. Furthermore, two related 
a,P-unsaturated ketones, IIIa and IIId, differed in their 
activity towards P-388 lymphocytic leukemia (3), which 
could be due to a variation in effect on mitochondria. Thus, 
it was of interest to examine the effects of 11, IIIa, IIId, and 
the related compounds IIIb and IIIc on the electron 
transport chain in rat liver mitochondria. 


DISCUSSION 


Table I indicates the effect of I1 on respiration in rat liver mitochondria 
using three different substrates. In the case of succinate and 3-hy- 
droxybutyrate, respiration was stimulated at  low concentrations; a t  
higher doses of 11, inhibition of respiration was noted. When glutamate 
was the substrate, no stimulation of respiration was noted and only in- 
hibition of respiration was found over the dose range studied. 


The inhibiting effect of I1 a t  5 Fmoles with succinate as the substrate 
was considered. The related compounds IQ and Ib caused inhibition of 
respiration by competition with coenzyme $10, which could be reversed 
by addition of coenzyme $10 (1). Therefore, a possible site for the respi- 
ration-inhibiting action of I1 might be similar. However, addition of 
coenzyme &lo to mitochondria whose respiration had been inhibited by 
I1 did not alter the percentage of respiration inhibition, so the mode of 
action of I1 appears to differ from that of I. 


A number of compounds inhibit respiration by blocking the transport 
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I1 


1110: R = CH,OC,H, 
IIIb: R = CH,OCH, 
IIIc: R = CH, 
IIId: R = H 


of electrons along the cytochromes. On occasion, this blockade and cy- 
tochromes may be discerned by examining the difference in the visible 
spectra of cytochromes in both the oxidized and reduced states (5). 
During respiration, electrons are transported along the cytochromes from 
coenzyme 810 to oxygen (Scheme I), and the cytochromes become re- 
duced during this process. After a blockade has occurred, the cytochromes 
prior to the block become reduced and the cytochromes after the block 
become more oxidized due to the pseudoreversibility of the respiration 
chain. 


Examination of the visible spectra of I1 showed the presence of cyto- 
chrome b with its Soret band at  430 nm and its a band at  563 nm, 
suggesting a block between cytochromes b and c1. The visible spectra of 
antimycin A was identical to that obtained for 11. Since antimycin A is 
known to block between cytochromes b and c1(6), a similar mode of ac- 
tion for I1 was suggested. To confirm the site of action, respiration was 
examined in the presence of an inhibiting concentration of 11, and then 
tetramethyl-p-phenylenediamine was added, which caused respiration 
to return to 95% of the rate prior to the addition of 11. This result suggests 
that the block by I1 occurs between cytochromes b and c1. Antimycin A 
was shown to act in a similar manner. After respiration was inhibited by 
this compound, tetramethyl-p-phenylenediamine caused the respiration 
rate to return to normal. 


The reason for stimulation of respiration by I1 a t  low doses was also 
investigated with succinate as the substrate. Since I1 and coenzyme Qlo 
are a,P-unsaturated ketones, both compounds possibly might act as re- 
cipients of electrons from various flavoproteins (Scheme I), and these 
electrons are subsequently transferred to the cytochromes. Coenzyme 
Qlo was removed from the mitochondria; in the presence of succinate, 
neither succinoxidase nor succinate cytochrome c reductase was active, 
but activity was partially restored by the addition of coenzyme Qlo. 
Substitution of I1 for coenzyme Qlo did not permit respiration to occur, 
and it seems unlikely, therefore, that I1 acts in a capacity similar to this 
coenzyme. This finding substantiates the observation of earlier workers 
that a number of electron acceptors related to coenzyme Qlo failed to 
stimulate its action (7) and that mitochondria may have a specific re- 
quirement for this coenzyme. 


succinate - FP, 


\ 


Table I-Effect of I1 on Respiration in Ra t  Liver Mitochondria 
Using Succinate, Glutamate, and 3-Hydroxybutyrate a s  the 
Substratese 


Substrate 
Concentrat- Succinateb Glutamatec 3-Hydr~xybutyrate~ 


ion, Inhibition, Inhibition, Inhibition, 
wmoles % f S E  % f S E  %fSE 


0.05 
0.1 
0.25 
0.5 
1.0 
1.25 
2.5 
5 


10 


-18.80 f 3.18 
-28.64 f 7.52 
-47.90 f 0.62 
-59.53 f 11.38 
-75.34 f 11.85 
-77.68 f 6.17 
-36.06 f 3.20 


73.43 f 1.72 
97.43 f 0.72 


1.70 f 1.70 
0.00 f 0.00 
6.65 f 1.60 


17.80 f 4.22 
49.26 f 6.24 
51.28 f 9.87 
62.08 f 0.95 
66.17 f 2.28 
81.52 f 2.51 


-15.45 f 3.20 
-21.16 f 1.85 
-48.03 f 4.01 
-48.10 f 2.64 
-57.88 f 10.77 
-41.93 f 1.65 


83.10 f 1.42 
98.04 f 1.11 - 


a Figures prefaced by a negative sign indicate stimulation of respiration. * At 
a concentration of 0.125 pmole, stimulation of respiration was 29.78% ( S E  = 8.09). 
At concentrations of 3.75,4.25,7.5, and 12.5 pmoles, the percentage inhibition of 
respiration was 8.34 (SE = 3.74). 49.52 ( S E  = 5.30), 58.87 ( S E  = 1.65). 92.79 ( S E  
= 1.92), and 99.70 ( S E  = 0.30), respectively. At concentrations of 0.75,15,20 and 
25 pmoles, the percentage inhibition was 13.70 ( S E  = 6.35), 81.13 (SE = 3.61), 85.50 
(SE = 1.80), and 86.87 ( S E  = 1.13), respectively. At a concentration of 0.75 pmole, 
stimulation of respiration was 58.88% ( S E  = 5.50). 


Increased respiration in mitochondria could occur by I1 acting as an 
uncoupling agent, especially since I1 is a phenolic compound and some 
substituted phenols (such as 2,4-dinitrophenol) are known to be un- 
coupling agents. In the case of 2,4-dinitrophenol, respiration is stimulated 
at  low concentrations and inhibited at  higher concentrations (8,9), which 
is a situation similar to that found with 11. Uncouplers do not interfere 
with the transport of electrons from the flavoproteins to oxygen, but 
adenosine triphosphate (ATP) is not formed during this process, i .e.,  
oxidation and phosphorylation no longer function in unison. Uncouplers 
may be identified by their effect on the P:O ratio, that is, the number of 
moles of adenosine diphosphate (ADP) phosphorylated to produce 
adenosine triphosphate per gram atoms of oxygen consumed (10). In 
tightly coupled mitochondria with succinate as the substrate, such a ratio 
should be 2 (Scheme I). 


The effect of I1 on the P:O ratio was examined, and it was found that 
utilization of inorganic phosphate decreased while oxygen consumption 
was unchanged from that of the control. This result caused the P:O ratio 
to fall to 25% of the value obtained in the absence of 11. As well as un- 
coupling of oxidative phosphorylation ( l l ) ,  2,4-dinitrophenol and some 
related phenols also stimulate latent adenosine triphosphatase activity 
of normal mitochondria (12, 13). If I1 acted in the same manner as 2,4- 
dinitrophenol, one would expect to see stimulation of adenosine tri- 
phosphatase along with the uncoupling effects, i.e., a decreased P O  ratio. 
It was found that low concentrations of I1 (0.20-2.00 pmoles) caused 
stimulation of adenosine triphosphatase activity and a subsequent in- 
crease in hydrolysis of adenosine triphosphate to adenosine diphosphate. 
Higher concentrations of I1 (3 wmoles or greater) caused inhibition of this 
enzyme. 


In a study of a series of uncoupling agents, 2,4-dinitrophenol caused 
stimulation and subsequent inhibition of respiration in the presence of 
both succinate and glutamate. However, in the case of the uncoupler 
3-nitrophenol, stimulation of mitochondria1 respiration occurred in the 
presence of succinate but not glutamate, a situation identical to that 
found with I1 (8). With both 3-nitrophenol and 11, electron-attracting 
groups are present in the meta position to the phenolic function, which 
may reflect similar structural requirements for the mode of action of these 
two compounds. 


antimycin 


ceductase 


Q i  o 


NAD - FP, -coenzyme- 'I 
glutamate 


3-hydrox ybutyrate f 


oxygen - cytochromes ( a  + a,) 


Scheme I-The rectangles indicate the sites where ADP is converted into ATP. Flavoproteins are represented as FPI  and FP2. 
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Table 11-Effect of I1 on Respiration in R a t  Liver Mitochondria Using Succinate as the Substrate  at p H  Levels of 6.4,6.9, and 7.4 a 


pH 6.4b pH 6.gC pH 7.4d Levels of Significance (4) between 
Concentration, Inhibition, Inhibition, 


pmoles % f S E  % f S E  
Inhibition, ~ I H  Values oi  


% f S E  6.4 and 6.9 6.9 and 7.4 6.4 and 7.4 


0.25 -32.07 f 10.79 -42.51 f 2.74 -47.90 f 0.62 0.50 0.05 0.10 
0.50 -43.06 f 1.13 -55.67 f 0.01 -59.53 f 11.38 0.02 > n . m  n m 
1 .oo -33.31 f 1.07 -94.06 $ 1.51 -75.34 I 11.85 0.001 
1.25 -72.72 f 8.97 -61.64 f 12.79 -77.68 f 6.17 0.50 
2.50 -56.33 f 13.10 -55.14 f 3.91 -36.06 f 3.20 >0.50 


. 


0.50 0.10 
0.50 >0.05 
0.10 0.10 


4.25 +4.81 f 9.86 +81.63 f 7.26 +49.52 f 5.30 0.01 0.05 0.01 
4.50 +11.97 f 3.25 +84.45 i 4.34 +58.87 f 1.65 0.01 <n.nni <n.nni 
5.00 +52.85 f 6.35 +92.55 1.63 +73.43 f 1.72 0.01 
7.50 +98.25 f 1.76 +97.62 f 2.38 +92.79 f 1.92 >0.50 


10.00 +99.08 f 0.93 +99.38 f 0.62 +97.43 f 0.72 >0.50 


<0.001 0.01 
0.50 0.10 
0.50 0.50 


~~ 


Figures prefaced by a negative sign indicate stimulation of respiration. At a concentration of 0.75 pmole, stimulation of 28.13% (SE = 0.85) occurred. At a concentration 
of 6.00 pmoles, inhibition of 65.80% ( S E  = 6.92) occurred. At a concentration of 0.75 pmole, stimulation of 60.22% ( S E  = 0.95) occurred. At a concentration of 3.50 pmoles, 
inhibition of 37.27% ( S E  = 12.71) occurred. At concentrations of 0.05.0.10, and 0.125 pmoles, stimulation of respiration was 18.80% ( S E  = 3.18). 28.64% (SE = 7.52), 
and 29.78% ( S E  = 8.09). resoectivelv. At concentrations of 3.75 and 12.50 umoles, the percentage inhibition of respiration was 8.34 (SE = 3.74) and 99.70 ( S E  = 0.30), 


I .  


respectively. 


A recent study revealed that the amount of I inhibiting respiration in 
mitochondria obtained from both normal rat liver and from a Morris 
hepatoma varied according to the pH of the medium (14). In general, the 
compounds had increased respiration-inhibiting properties as the pH 
was lowered. The three pH values chosen were 7.4, that of normal phys- 
iological conditions; 6.9, which is claimed to be the pH of certain tumors 
(15,16); and 6.4, which has been reported to be the pH of some tumors 
after administration of glucose while normal tissue was unaffected (15, 
16). Thus, the question was raised as to whether the effect of I1 would vary 
markedly with such pH changes. If respiration was inhibited, preferen- 
tially at  lower pH levels, some selectivity towards tumors may be possible 
under certain conditions. 


Table I1 shows that a t  the lower stimulating concentrations of 11, the 
percentage increase in respiration generally fell as the pH of the medium 
was lowered. This respiration-stimulatory effect became less pronounced 
as inhibiting concentrations of I1 were approached. When inhibition of 
respiration occurred at  concentrations greater than 2.50 pmoles, there 
was mainly an optimal inhibition of respiration a t  pH 6.9 but less inhi- 
bition a t  pH 6.4 than a t  pH 7.4. Hence, these results of inhibition differ 
from those reported for series I (14). 


Finally, the conjugated styryl ketones (1111, which are related to 11, were 
evaluated for their effect on respiration in rat  liver mitochondria (Table 
111). At  the optimal dose levels, I1 and IIIa-IIId increased the survival 
time in mice with P-388 lympbocytic leukemia by 6, 25, 13, 5, and 4%, 
respectively; little correlation between effect on respiration and anti- 
cancer activity was seen. The ethers IIIa-IIIc caused moderate stimu- 
lation of respiration over the dose range studied, and no inhibition of 
respiration was noted. However, a t  concentrations of >1.0 pmole, for 
example, inhibition of respiration may occur a t  the same time as stimu- 
lation but the latter effect predominates. The phenolic compound IIId 
behaves in a similar manner to the corresponding Mannich base 11, and 
hence the observed inhibition of respiration appears to be associated with 
the presence of a phenolic group. 


This study has shown that a Mannich base derived from a nuclear 
hydroxy conjugated styryl ketone (11) has uncoupling action a t  low con- 
centrations while a t  higher doses it acts like antimycin A in blocking 
electron transport between cytochromes b and c1. The effect on mito- 
chondria varies depending on the pH of the medium. While IIId showed 
a similar biphasic response as 11, etherification of the hydroxy group of 
IIId produced derivatives IIIa-IIIc, which showed only slight stimulating 
effects on respiration. 


EXPERIMENTAL' 


Syntheses of Compounds-Compounds 11, IIIa, and IIIb were pre- 
pared according to literature methodology (3). (El-1-(rn-Methoxy- 
methyloxyphenyl)-l-nonen-3-one (IIIb), prepared by the same scheme 
as IIIa in a 58% yield, was a yellow oil, bp 187O/0.3 mm [lit. (17) bp 
177'/0.16 mm]. 


Anal.-Calc. for C17H2403: C, 73.88; H, 8.75. Found C, 73.42; H, 
8.70. 
(E)-l-(m-Methoxyphenyl)-l-nonen-3-one (IIIc) was prepared as 


follows. A mixture of 2-octanone (5.13 g, 0.04 mole), rn-methoxybenzal- 


* Elemental analyses were carried out by Mr. R. E. Teed, Department of Chem- 
istry and Chemical Engineering, University of Saskatchewan. Boiling points are 
uncorrected. 


dehyde (4.42 g, 0.0325 mole), and sodium hydroxide (0.68g, 0.017 mole) 
in water (20 ml) was heated under reflux for 24 hr with mechanical 
stirring. On cooling, the aqueous layer was extracted three times with 
benzene (20 ml), and the combined organic phases were washed twice with 
water (20 ml) and dried with anhydrous magnesium sulfate. Removal of 
benzene by a water aspirator afforded a yellow oil, which was purified 
by distillation to give IIIc as a colorless oil, bp 144-146O/0.35 mm, in a 
52% yield. 


Anal.-Calc. for CI6H2202: C, 78.01; H, 9.00. Found C, 77.94; H, 
8.98. 


Effect of I1 a n d  IIIa-IIId on Mitochondria Isolated from R a t  
Livers-Pellets of mitochondria obtained from the livers of male Wistar 
rats were isolated by the literature methodology (1) and suspended in 
3.4 mM tromethamine hydrochloride2 buffer (pH 7.40) containing 0.25 
mM sucrose and 1 mM ethylene glycol bis(aminomethy1)tetraacetate 
a t  0". The protein content was 4 mg/ml as determined by a modification 
(18) of a previously reported procedure (19). The medium for the deter- 
mination of mitochondrial respiration was that described previously (1) 
and will he referred to subsequently as the respiration media. Compounds 
IIIc and IIId were dissolved in absolute ethanol and I1 in 10 mM tro- 
methamine hydrochloride buffer (pH 7.40), while the oils IIIa and IIIb 
were added directly to the mitochondrial suspension. The media and 
methodology required for generating the data recorded in Tables I and 
I1 were those employed previously (1) using an oxygen monitor3. At least 
four determinations per compound were obtained at each dose level. 


Effect of I1 a n d  Antimycin A on Visible Spectra  of Cyto- 
chromes-A mitochondrial suspension (0.5 ml containing 4 mg pro- 
tein/ml) was placed in two 1-cm cells containing the respiration media 
(pH 7.40,2.5 ml). Solutions of disodium succinate (15 pmoles) in 7.5 pl 
of 10 mM tromethamine hydrochloride buffer (pH 7.4) and adenosine 
diphosphate (1 pmole) in 1 pl of 10 mM tromethamine hydrochloride 
were placed in each cell. One cell was aerated by agitation while toluene 
was added to the other one. The visible spectra4 of oxidized and reduced 
cytochromes were then recorded between 390 and 590 nm. 


The two cells containing mitochondria, disodium succinate, and 
adenosine diphosphate in the respiration media (pH 7.4) were aerated 
by agitation. Compound 11 (5.0 pmoles in 10 mM tromethamine hydro- 
chloride buffer, pH 7.4) was added to one cell and allowed to stand a t  
room temperature for 3 min. Just  before the spectrum was recorded, I1 
was added to the reference cell. This addition eliminated the interference 
caused by I1 with the difference spectrum. The spectrum was then re- 
corded between 590 and 490 nm. A fresh reference cell was prepared and 
aerated, I1 was added, and the spectrum recorded between 490 and 390 
nm. All determinations were carried out a t  room temperature. 


Mitochondria, disodium succinate, and adenosine diphosphate in the 
respiration media were added to the cells in the quantities indicated 
above. Antimycin A2 (0.009 pmoles in 2 pl of 10 mM tromethamine hy- 
drochloride buffer, pH 7.4) was added to one cell; after both were aerated, 
the difference spectra were recorded. 


Effect of I1 a n d  Antimycin A on Tetramethylphenylenediamine 
Bypass-Mitochondria (0.5 ml containing 4 mg protein/ml) were added 
to the respiration media (2.5 ml) in the cell of an oxygen monitor a t  37O, 
and uptake of oxygen started with the addition of disodium succinate 


Sigma Chemical Co., St. Louis, MO 63178. 
Model 53, Yellow Springs Instrument Co., Yellow Springs, OH 45387. 
Cary 15M spectrometer, Varian Instrument Division, Monrovia, CA 91016. 
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Table 111-Effect of IIIa-IIId on Respiration in R a t  Liver Mitochondria Using Succinate as the Substrate  
~ ~~~~ ~~ 


IIIa 
Concentration, Stimulation, 


umoles % f S E  


IIIbb 
Stimulation, 


% f S E  


IIIc IIIdC 
Stimulation, Stimulation, 


% f S E  % f S E  


0.01 
0.1 
1 .o 
2.5 
5.0 


50.0 


7.93 f 6.32 
25.75 f 1.30 
27.98 f 8.35 
27.38 f 10.70 
20.18 f 6.00 
5.72 f 3.66 


7.23 f 2.87 
14.99 f 5.10 
22.74 f 8.89 
13.45 f 5.29 
8.19 f 3.30 


16.25 f 1.95 


12.09 f 4.77 
20.74 f 4.26 
25.45 f 16.09 
5.59 f 2.52 


14.63 f 5.92 
23.74 f 5.37 


26.43 f 6.46 
86.07 f 13.64 


-47.23 f 7.31 
-87.56 f 4.63 


- 
- 


0 Figures prefaced by a negative sign indicate inhibition of respiration. * At a concentration of 10 pmoles, stimulation of ll.BI)% (SE = 1.13) occurred. c At a concentration 
of 5.0 pmoles or greater. 100% inhibition occurred. 


(15 pmoles in 7.5 pl of 10 mM tromethamine hydrochloride buffer, pH 
7.4). Respiration was inhibited by either antimycin A (0.009 pmole) or 
I1 (5.0 pmole), and then tetramethyl-p-phenylenediamine (0.013 pmole) 
in 10 mM tromethamine hydrochloride buffer, pH 7.4 (25 pl), was added. 
The change in the rate of oxygen uptake was recorded. 


Effect of I1 on Succinoxidase and Succinate-Cytochrome c Re- 
ductase Reactions-Acetone-treated particles were prepared from rat 
liver mitochondria by the literature method (20), and 0.5 ml of a sus- 
pension of these particles (3 mg protein/ml) was placed in the cell of an 
oxygen monitor containing monobasic potassium phosphate (100 pmoles), 
disodium succinate (150 pmoles), cytochrome c5 (0.2 mg), and sufficient 
sucrose solution to produce 3 ml of a 0.2 M solution with a pH of 7.4. After 
9-min incubation a t  37’, various quantities of coenzyme $lo2 solutions 
(4 mg in 2 ml of ethanol, 95% w/v) and I1 (1.25 pmoles in 2.5 pl of 10 mM 
tromethamine hydrochloride buffer, pH 7.4) were added, and the effect 
on oxygen uptake was recorded. This experiment was carried out four 
times. 


A mixture of the acetone-treated particles (10 pl, 3 mg protein/ml), 
monobasic potassium phosphate (180 pmoles), and cytochrome c (15 mg), 
with or without I1 and coenzyme Qlo (20 pg) in a total volume of 3 ml of 
water, was placed in the cell of an oxygen monitor. After incubation a t  
30’ for 10 min, 0.1 ml of a solution containing disodium succinate (135 
pmoles) and potassium cyanide (3 pmoles) in water was added, and the 
reaction was monitored a t  550 nm6 for 30 min. This determination was 
carried out in duplicate. 


Effect of 11 on PO Ratio-The P:O ratio of aerobic phosphorylation 
of mitochondria in the presence of I1 (1.25 pmole)  was carried out at  30’ 
using the literature methodology (21). The quantity of inorganic phos- 
phate was determined by the method described previously (22). In an 
experiment involving three separate determinations, 1.43 (f0.38 S E )  
pmoles of inorganic phosphate were taken up, and 1.05 (f0.03 S E )  
patoms of oxygen was consumed in the absence of 11, indicating a P:O 
ratio of 1.36. In the presence of 11, 0.26 (f0.14 S E )  pmole of inorganic 
phosphate and 1.03 ( f O . l l  S E )  patoms of oxygen were utilized, indicating 
a P:O ratio of 0.25, i .e . ,  18% of the P:O ratio of the control value. 


In a second experiment involving three separate determinations, 1.33 
(f0.30 S E )  pmoles of inorganic phosphate and 0.685 (f0.003 S E )  patom 
of oxygen were consumed in the absence of 11, producing a P O  ratio of 
1.94. In the presence of 11.0.41 (f0.04 S E )  pmole of inorganic phosphate 
and 0.66 (fO.03 S E )  patom of oxygen were used, producing a P:O ratio 
of 0.61, i .e . ,  31% of the control values. 


Effect of I1 and 2,4-Dinitrophenol on Adenosine Triphosphatase 
Activity-The adenosine triphosphatase activity of mitochondria was 
determined by the literature method (23). Compound I1 was dissolved 
in 10 mM tromethamine hydrochloride buffer (100 pmoles/ml), and 
2,4-dinitrophenol was dissolved in absolute ethanol (200 pmoles/ml). The 
media (1.5 ml), as described in the literature (23), were added to a number 
of centrifuge tubes (15 ml), and varying concentrations of I1 or 2,4-dini- 
trophenol were added to each tube. The reaction was commenced by the 
addition of a suspension of mitochondria in 3.4 mM tromethamine hy- 
drochloride buffer (pH 7.4) (0.5 ml containing 2 mg protein/ml), and the 
combined reaction mixture was incubated a t  37’ for 15 min. After 
quenching with ice-cold trichloroacetic aid (2 ml, 10% w/v), the reaction 
mixture was centrifuged a t  35,000 rpm (average radius of 8.5 cm) for 5 
min to remove protein. The liberated inorganic phosphate in the super- 
nate was determined using a modification (22) of a literature method (24) 
involving measurement7 of the absorbance a t  700 nm. 


~~~ 


Sigma type 3. Sigma Chemical Co.. St.  Louis, MO 63178. 
Pye Unicam SP1700 uv spectrophotometer. 
Model 250 spectrophotometer with a rapid sampler (model 2443-A), Gilford 


Instrument Laboratories Inc., Oberlin, OH 44074. 


The amounts of inorganic phosphate liberated at varying concentra- 
tions of 11, given in parentheses, were as follows. All figures indicate mi- 
cromole quantities, and those prefaced by a negative sign indicate that 
the inorganic phosphate concentration was less than the control values, 
i .e . ,  inhibition of latent adenosine triphosphatase activity occurred: 
-0.0243 (0.20),0.0845 (0.40), 0.1874 (0.60),0.3256 (0.80),0.3462 (1.00), 
0.5086 (1.20), 0.3844 (1.40), 0.4535 (1.60), 0.4322 (1.80). 0.2412 (2.00), 
0.0074 (2.50), -0.0784 (3.00), -0.1874 (4.00), and -0.2058 (5.00). The 
amounts of inorganic phosphate liberated when 2,4-dinitrophenol was 
used in place of I1 were as follows: 0.7754 (0.20), 0.5604 (LOO), 0.5898 
(2.00), 0.5990 (3 .00) ,  -0.3675 (10.00), and -0.4116 (20.00). The figures 
obtained were the average values of six determinations. 


Screening of Compounds-Details of the anticancer screening of 11, 
IIIa. and IIId were described earlier (3). Compounds IIIb and IIIc were 
evaluated by the Drug Research and Development Division of the Na- 
tional Cancer Institute, Rethesda, Md., using their protocols (25), and 
were administered as a suspension in saline with polysorbate SOe by the 
intraperitoneal route on 9 successive days using male CDzFl mice and 
male B&FI mice, respectively. The maximum increases in median 
survival times were 13% (100 mg/kg) for IIIb and 5% (100 mg/kg) for IIIc. 
There were five out of six survivors on Day 5 when IIIc was administered 
a t  200 mg/kg and six out of six survivors on Day 5 a t  a dose of 100 mg/kg. 
No mortalities for IIIb were noted a t  a dose of 200 mg/kg. 
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Abstract  The described pharmacokinetic analysis involved two sep- 
arate studies on nine dogs randomly assigned to three groups of three dogs 
each. In the first study, the effect of varying the dosage of tolazamide was 
examined. The second study concerned the effect of varying the dosage 
of oxyphenhutazone on tolazamide. A 3 X 3 Latin square was used to 
study both effects. Each group received each treatment, with a minimum 
of 1 week separating each session. The pharmacokinetics of tolazamide 
followed a two-compartment open model. The hybrid rate constants, LY 
and 0, were not significantly different at  the three dosages when measured 
by a three-way analysis of variance. The only significant difference at the 
three dosage levels of tolazamide was in the apparent volume of distri- 
bution. In the pharmacokinetic interaction associated with intravenous 
administration of one dose of tolazamide and three doses of oxyphen- 
butazone, the apparent volume of distribution and the hybrid rate con- 
stant (Y did not change significantly while the hybrid rate constant for 
tolazamide, 0, seemed to decrease with increasing oxyphenhutazone. 


Keyphrases 0 Pharmacokinetics--tolazamide and oxyphenbutazone 
interactions, dogs 0 Tolazamide-pharmacokinetic interactions with 
oxyphenhutazone, dogs Oxyphenbutazone-pharmacokinetic inter- 
actions with tolazamide, dogs 


Enhanced hypoglycemic effects have been reported 
when patients, stabilized on a sulfonylurea (tolbutamide 
or tolazamide), have had phenylbutazone and/or its analog, 
oxyphenbutazone, added to the treatment regimen (1). 
Hussar (2) suggested that phenylbutazone/oxyphenbu- 
tazone enhanced the hypoglycemic effects of tolbutamide 
or tolazamide. 


Other investigators (3) found significant prolongation 
of the half-life of tolbutamide when phenylbutazone was 
administered at the same time. However, there have been 
few studies on this pharmacokinetic interaction and its 
clinical significance. None of the studies dealt with the 
pharmacokinetic parameters involved in the interaction 
of oxyphenbutazone and tolazamide when administered 
simultaneously. 


There are three possible mechanisms for a phar- 
macokinetic interaction that enhances the hypoglycemic 
effects of tolazamide and other sulfonlyureas in the pres- 
ence of phenylbutazone or oxyphenbutazone: 


1. Inhibition of drug metabolism, i . e . ,  a decrease in 
metabolism of tolazamide/sulfonylurea, which could be 
caused by the presence of oxyphenbutazone or phenyl- 
butazone. 


2. Displacement of tolazamide/sulfonylurea from pro- 
tein binding sites, which could result in increased blood 
concentrations of unbound, pharmacologically active 
tolazamide/sulfonylurea or its metabolites and could also 
produce high urinary concentrations of unchanged drug 
and its metabolites. 


3. Inhibition of the excretion of tolazamide/sulfonylurea 
by a direct effect on the kidney. 


The purpose of this study was to determine if a mea- 
surable pharmacokinetic interaction existed between 
tolazamide and oxyphenbutazone and which mechanism 
might explain it. 


EXPERIMENTAL 


Experimental  Design-A 3 X 3 Latin square was used to study the 
effect of varying dosage on tolazamide pharmacokinetics. A similar Latin 
square design was used for the tolazamide*xyphenbutazone interaction 
study, in which the dose of tolazamide was kept constant and the doses 
of oxyphenbutazone were varied. 


Nine dogs were randomly assigned to three groups of three dogs each. 
Each group received each treatment, with a minimum of 1 week of rest 
separating each session. 


The study was conducted over 3 months, with the sequence of treat- 
ments in accordance with a Latin square design (Table I). In the first 
study, Treatments A, B, and C were 5,20, and 35 mg of tolazamide/kg, 
respectively. In the second study, Treatments A, B, and C were 10,15, 
and 20 mg of oxyphenbutazone/kg, respectively, all with 20 mg of tola- 
zamide/kg. 


Typical Sampling Times-Zero time for tolazamide sampling was 
taken to be the midpoint of the tolazamide injection. Sampling times were 
2,5,  10, and 30 min and 1 ,2 ,4 ,6 ,8 ,  12, and 24 hr after the tolazamide 
injection. 


Animals-Nine mongrel dogs, 9.0-16.5 kg, were obtained from the 
local animal shelter. These animals were vaccinated and given appro- 
priate treatment for parasites; after acclimation, they were certified as 
healthy. 


A catheter was surgically placed in the jugular vein so that the tip was 


Table  I-Latin Squa re  Design for the Study of Tolazamide 
Pharmacokinetics 


Dog Identification Week 
Group Number 1 2 3 


1 
2 
3 


1. 2.3 A R c .~ - 
B C A 
C A B 
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plasma curves and cumulative excretion in the present study were poor. 
Correlation coefficients between AUC2‘ and A u ~ ~  (48-hr urinary excre- 
tion), and between C,,, and A u ~ ~  for all subjects were 0.25 and 0.27, re- 
spectively. Poor correlations between these parameters, which have been 
reported previously (9, 101, appear to be due to the variability of indi- 
vidual data and to the relatively small treatment effects, rather than to 
the lack of a true relationship. The correlation coefficient between mean 
AUC24 and Au@ values, and between mean C,, and A u ~ ~  values for each 
treatment were 0.996 and 0.997, respectively. 


The previous suggestion that the rate of hydrochlorothiazide excretion 
in urine closely resembles the time course of plasma levels ( 1 )  is confirmed 
in this study. Mean urinary excretion rates of hydrochlorothiazide are 
plotted together with plasma levels in Figs. 1-3. In each case, the overall 
urinary excretion rates exhibited a similar triphasic pattern to those in 
plasma. 


The high renal clearance of hydrochlorothiazide suggests that, like 
chlorothiazide, it is eliminated by both renal filtration and active secre- 
tion. 
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Abstract 0 Ten healthy volunteers received single 2-mg doses of lora- 
zepam on five occasions in random sequence. Modes of administration 
were: A, intravenous injection; B, deltoid intramuscular injection; C, oral 
tablets in the fasting state; D, sublingual dosage of oral tablets in the 
fasting state; and E, sublingual dosage of specially formulated tablets 
in the fasting state. Kinetic variables were determined from multiple 
plasma lorazepam concentrations meaured during 48 hr postdose. After 
intravenous lorazepam, mean (fSE) values were: elimination half-life 
( t  l/z&, 12.9 (k0.8) hr; volume of distribution, 1.3 (f0.07) literdkg; total 
clearance, 1.21 (f0.1) ml/min/kg. Absorption of intramuscular lorazepam 
was rapid. Peak plasma levels were reached at  1.15 hr after dosage, with 
absorption half-life averaging 14.2 (f4.7) min. Absorption of oral and 
sublingual lorazepam tended to be less rapid than intramuscular injec- 
tion, although differences were not significant. Times of peak concen- 


Lorazepam is a 3-hydroxy-f,4-benzodiazepine derivative 
in clinical use as an antianxiety and sedative agent (1,2). 
Clinical situations may arise in which oral administration 
of a sedative is unwise or not possible, and intravenous 
dosage is precluded because a physician is not available. 
In such circumstances’ injection usually is 
the Only The present study assessed the 
pharmacokinetics of lorazepam given sublingually to de- 
termine the possible clinical role of this administration 


tration were 2.37, 2.35, and 2.25 hr postdose for trials C, D, and E, re- 
spectively; values of absorption half-life were 32.5,28.5, and 28.7 min. 
Absolute systemic availability for trials B, C, D, and E averaged 95.9,99.8, 
94.1, and 98.2%, respectively; none of these differed significantly from 
100%. Values oft 1/20 were highly replicable within individuals regardless 
of the administration route. Thus, sublingual lorazepam is completely 
absorbed and is a suitable administration route in clinical practice. 


Keyphrases 0 Lorazepam-sublingual, pharmacokinetics compared 
with intravenous, intramuscular, and oral dosage forms 0 Pharmacoki- 
netics-sublingual lorazepam, comparison with intravenous, intramus- 
cular, and oral dosage forms 0 Dosage forms-sublingual lorazepam, 
pharrnacokinetics compared with intravenous, intramuscular, and oral 
dosage forms 


route as an alternative to oral or intramuscular adminis- 
tration. 


EXPERIMENTAL 


Subjects-Ten healthy male and female volunteers, 24-39 years of 
age, participated after giving written informed consent (Table I). They 
were free of any identifiable medical disease. Subject 10 was taking oral 
contraceptive steroids, but no other medications were being used on a 
regular basis. 
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Table I-Subject Characteristics and Kinetics of Intravenous Lorazepam 


Subjects Lorazepam Kinetics 
Age, Wt, t 1 p  t 1/28, VIP v d  9 Clearance, 


min hr litershg litershg ml/min/kg Number years Sex kg 


40- 


20- 


10- 


E -  
F -  
2 -  
0 5- 
k -  a a 
I - .  
2 u u 


- .  . 


2- 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 


& 30- 
N a 


a 


2 10- 


4 20- 


2 


6 -  


33 
24 
38 
29 
34 
25 
29 
32 
25 
26 


F 
M 
M 
F 
M 
M 
M 
F 
F 
F 


61.4 
70.5 
77.3 
61.4 
79.5 
63.6 
68.1 
50.0 
54.5 
57.7 


2.8 
3.3 


12.0 
1.1 


12.6 
13.0 
11.2 
10.7 
18.6 
1.0 


Mean ( 5 S E )  8.7 
(f1.9) 


10.9 
7.2 


13.1 
15.9 
12.2 
14.2 
15.2 
14.4 
13.9 
12.2 


12.9 
(f0.8) 


0.39 
0.44 
0.30 
0.32 
0.53 
0.79 
0.58 
1.02 
0.50 
0.37 


0.52 
(f0.07) 


1.24 1.32 
1.09 1.76 
i.08 0.96 
1.28 0.93 
1.59 1.51 
1.60 1.29 
1.19 0.91 ~ ~~ 


1.42 1.14 
0.99 0.82 
1.49 1.42 


1.30 1.21 
(f0.07) ( f O . l O )  
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HOURS AFTER DOSE 
Figure 1-Plasma lorazepam concentrations and pharmacokinetic functions of best f i t  following administration of lorazepam to subject 8 by 
each of the fiue administration routes. 


Design-A randomized, single-dose, five-way crossover design was 
utilized. Each subject received single 2-mg doses of lorazepaml on five 
occasions separated by at least 1 week. The administration modes 
were: 


A. Intravenous lorazepam, 1 ml of a 2 mg/ml injectable preparation, 
infused into an antecubital vein over a 30-sec period. 


B. Intramuscular lorazepam, 1 ml of the 2 mg/ml injectable prepa- 
ration, given by a physician as a single deltoid intramuscular in- 
jection. 
Oral lorazepam, administered as two standard 1-mg tablets (in 
uitro dissolution rate, 80% in 1 hr) with 100-200 ml of tap 


C. 


' Ativan, Wyeth Laboratories, Radnor, Pa. 


water. 
D. Sublingual lorazepam, administered as two standard 1-mg oral 


tablets placed under the tongue and held for 15 min. 
E. Sublingual lorazepam, administered as two special 1-mg sub- 


lingual tablets (in uitro dissolution rate, 84% in 1 hr) placed under 
the tongue and held for 15 min. 


For trials A and B, no restrictions were placed upon the ingestion of 
food or liquid. For trials C, D, and E, subjects fasted overnight prior to 
drug administration and remained fasting for 3 hr postdose. 


Procedure-Venous blood samples were drawn into heparinized tubes 
from an indwelling butterfly cannula or by separate venipuncture, prior 
to lorazepam administration, and at the following times after each dose: 
5 min, and 0.25,0.5,0.75,1.0,1.5,2.0,2.5,3,4,6,8,12,24,30,36, and 48 
hr. After intravenous dosage, a sample was also drawn just after the 
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HOURS AFTER DOSE 
Figure 2-Plasma lorazepam concentrations for the first 8 hr after dosage by the four extravascular administration routes compared with that 
observed after intravenous dosage. Each point is the mean for all I0 subjects at the corresponding time. 


infusion. Blood samples were centrifuged, and the plasma was separated 
and stored at  -20' until assay. 


Analysis of Plasma Samples-Lorazepam concentrations in all 
plasma samples were determined by electron-capture GLC after addition 
of oxazepam as the internal standard (2-4). 


Analysis of Data-Plasma lorazepam concentrations following each 
subject trial were analyzed using iterative nonlinear least-squares re- 
gression techniques described previously (5,6). Data points were fitted 
to a linear sum of exponential terms. After intravenous lorazepam, 
coefficients and exponents from the fitted function were used to calculate 


the following kinetic variables: initial (a) distribution half-life (t1& 
elimination half-life (tl/Zp), volume of central compartment (Vl), total 
volume of distribution using the area method (vd), total clearance, and 
total area under the plasma concentration curve from time zero to infinity 
(AUC). 


After the four extravascular modes of administration, fitted functions 
were used to calculate the apparent half-life of absorption, lag time 
elapsing prior to the start of absorption (to), and elimination half-life 
( t  1/20). The area under the plasma concentration curve from time zero 
until the last detectable plasma concentration was calculated using the 
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Table 11-Effect of Route of Administration on Lorazepam Pharmacokinetics 


.n 
1 


$ 125.0- 


e 


0 100.0- 
ap 


> 


C 
- 
.- 
w- 


>' c- 
75.0- 


4 - 
a 


u 
2 50.0- 


5- 
t; 
5 25.0- 


Variable 


Mean (fSE) Valuesa for Trial 
A B C D E Value of F 


Intravenous Intramuscular Oral Sublingual Sublingual Two-way ANOVA Value of P 


Peak plasma - 26.0 24.9 23.3 20.7 2.50 0.081 


Time of peak - 1.15 2.37 2.35 2.25 2.32 0.098 


Lag time, min - 0 11.8 22.7 14.9 3.2gb 0.061 


AbsorDtion half-life. rnin - 14.2 32.5 28.5 28.7 1.97 0.142 


concentration, ng/ml ( f1 .9)  ( f2 .4)  (f2.8) ( f1 .7)  


concentration, hr postdose (50.3) (10.32) (50.7) (f0.33) 


( f2 .1)  ( f5 .1)  (63.5) 


(254.7) (f3.8) (58.4) (f7.6) 


( f0 .8)  ( f l . 1 )  ( f1 .0)  (50.7) (f1.0) 
Elimination half-life, hr 12.9 13.1 14.1 13.2 14.4 


Svstemic availabilitv. - 95.9 99.8 94.1 98.2 


1.63 0.187 


0.56 0.648 
-percentage of intravenous (14.0) ( f5 .7)  (56.5) (f5.8) 


a Individual values are available on request. Does not include value for trial B 


trapezoidal method. To this was added the residual area extrapolated 
to infinity, calculated at the last detectable plasma concentration divided 
by @, yielding the total AUC. 


Statistical Analysis-Two-way analysis of variance was used to an- 
alyze differences in kinetic variables among the various treatments. The 
absolute systemic availability (completeness of absorption) of the four 
extravascular routes of lorazepam administration were calculated by 
dividing each subject's total AUC for a particular route of administration 
by the corresponding value of AUC following intravenous lorazepam 
administration to the same individual. 


RESULTS 


Intravenous Lorazepam (trial A)-Disappearance of lorazepam 
from plasma following intravenous injection was described by a linear 
sum of two exponential terms for subjects 1-9, and by a sum of three 
exponentials for subject 10. Mean kinetic variables for lorazepam were: 
t1/zn, 8.7 min; tl/zo, 12.9 hr; v1,0.52 litershg; Vd, 1.30 litershg; and total 
clearance, 1.21 ml/min/kg (Table I). 


Intramuscular Lorazepam (trial B)-All subjects noted mild to 
moderate local discomfort associated with the injection. This was tran- 
sient and resolved shortly after the injection without specific treat- 
ment. 


Peak lorazepam concentrations averaged 26 ng/ml, and were reached 
an average of 1.5 hr postdose (Table 11, Figs. 1 and 2). In all subjects, peak 
plasma concentrations were reached within 3 hr of dosage. In no case did 
a lag time elapse prior to the start of absorption. The mean value of ab- 
sorption half-life was 14.2 min (Fig. 3), and that of t1/2o was 13.1 hr. Ab- 
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Figure 3-Lorazepam absorption half-life following each of the four 
extravascular administration routes. Individual and mean (fSE) values 
for all subjects are shown. See Table 11 for statistical analysis. 


solute systemic availability of intramuscular lorazepam averaged 96% 
of the intravenous value; this was not significantly different from 100% 
(Table 11, Fig. 4). 


Oral Lorazepam (trial C)-Peak plasma lorazepam concentrations 
averaged 25 ng/ml and were attained an average of 2.4 hr postdose (Table 
11, Figs. 1 and 2). A lag time elapsed prior to the start of absorption in nine 
of the 10 subjects; the mean lag time was 11.8 min. The mean value of 
absorption half-life was 32.5 rnin (Fig. 3), and that of t l / z g  was 14.1 hr. 
Mean systemic availability was 99.8% (Table 11, Fig. 4). 


Sublingual Lorazepam (trial D)-Peak plasma lorazepam con- 
centrations after sublingual administration of the standard oral tablets 
averaged 23.3 ng/ml and were attained an average of 2.3 hr after dosage 
(Table 11, Figs. 1 and 2). A lag time elapsed prior to the start of absorption 
in nine of the 10 subjects; the mean lag time was 22.7 min. The mean 
absorption half-life was 28.5 min, and tl/zg averaged 13.2 hr. Mean sys- 
temic availability was 94.1%. 


Sublingual Lorazepam (trial E)-The kinetic profile of sublingual 
lorazepam administered as special tablets was very similar to that fol- 
lowing sublingual administration of standard oral tablets described for 
trial D. Peak plasma concentrations averaged 20.7 ng/ml and were at- 
tained at 2.25 hr after dosage. A lag time elapsed prior to administration 
in eight of 10 subjects, and averaged 14.9 min. Absorption half-life av- 
eraged 28.7 min, while tl/za averaged 14.4 hr. Mean systemic availability 
was 98%. 


Comparison among Administration Routes-Values of t 1/20 were 
highly consistent within subjects among the five trials (Table 11, Fig. 5). 
Two-way analysis of variance indicated that differences attributable to 
administration route did not approach significance. 
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Figure 4-Absolute systemic availability of lorazepam following each 
of the four extravascular administration routes. Individual and mean 
(f SE) values for all subjects are shown. See Table I1 for statistical 
analysis. 


Journal of Pharmaceutical Sciences I 251 
Vol. 71, No. 2, February 1982 







20.0- 


J 15.0- 
9 a 
a 
4 
l- 


g 10.0- 


3 
I a a 
I- ’ 5.0- 


/ ELIMINATION HALF-LIFE, hr 


0.0 ! 1 I 


0.0 510 10.0 15.0 20.0 
INTRAVENOUS TRIAL 


Figure 5-Values of lorazepam elimination half-life following intra- 
venous (trial A) and intramuscular (trial B) administration routes to 
the 10 subjects. Solid line was determined by least-squares regression 
analysis; dotted line is the line of identity. 


Differences among the four extravascular trials in peak plasma lora- 
zepam concentrations and time of peak concentration approached but 
did not attain significance (0.05 < p < 0.1). Both variables indicated a 
trend for higher peak plasma levels reached sooner after the dose fol- 
lowing intramuscular injection then after oral or sublingual adminis- 
tration. However, differences among trials C, D, and E were minimal 
(Table 11). A similar trend was observed in absorption half-life. Although 
differences among the four extravascular trials did not reach significance, 
absorption half-life following intramuscular injection (trial B) was only 
half as long as that following the oral and sublingual routes (Table 11, Fig. 
3). However, differences among trials C, D, and E were minimal. Finally, 
no lag times were observed following intramuscular injection, whereas 
a lag time elapsed prior to the start of absorption in the majority of 
subjects following oral or sublingual administration. 


Absolute systemic availability among the four extravascular modes 
of administration were highly comparable (Table 11, Fig. 4). Mean values 
for trials B, C, D, and E were 96,100,94, and 98%, respectively. Differ- 
ences among the four routes did not approach significance. Furthermore, 
in no case did the mean value of absolute systemic availability differ 
significantly from 100%. 


DISCUSSION 


The kinetic profile of lorazepam in the present study is similar to that 
reported previously from this laboratory (5-7) and elsewhere (2,8,9). 
In the present group of subjects, the range of values for t l/zg was 7-21 hr. 
This is similar to the range of 8-24 hr noted previously using different 
healthy young volunteers (5-7). I t  is also important to note that values 
of t 1 / 2 ~  were highly replicable within a given subject upon repeated ad- 


ministration of lorazepam. 
The kinetics of intramuscular and oral lorazepam also are similar to 


patterns described previously (5-7). Deltoid intramuscular injection of 
lorazepam leads to rapid absorption of the drug; the completeness of 
absorption from the injection site is very close to 100%. Absorption of oral 
lorazepam is somewhat slower than that of intramuscular injection, 
probably due to the time required for drug dissolution and gastric 
emptying. Absorption of orally administered lorazepam was close to  
100%. 


The pattern of lorazepam absorption following sublingual adminis- 
tration resembles that of oral lorazepam. In the majority of cases, a lag 
time elapsed prior to the start of absorption, after which first-order ab- 
sorption proceeded with a half-life averaging -29 min. As in the case of 
oral lorazepam, the completeness of absorption of sublingual lorazepam, 
whether administered as standard oral tablets or specially-formulated 
tablets, was nearly 100%. 


Thus, the rate and completeness of lorazepam absorption following 
sublingual administration are comparable to that observed following oral 
dosage on an empty stomach. In clinical terms, sublingual and oral dosage 
of lorazepam are likely to be therapeutically equivalent. Sublingual ad- 
ministration could also substitute for intramuscular injection, although 
the onset of clinical activity following the sublingual route may be slightly 
slower than that observed after intramuscular injection. Findings from 
the present study of sublingual lorazepam apply only to the tablet 
preparations studied. More rapid absorption of sublingual lorazepam 
might occur with formulations having more rapid dissolution rates. 
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Abstract An isocratic high-pressure liquid chromatographic method 
for the determination of naproxen and its desmethyl metabolite in human 
plasma is presented. A reversed-phase octadecylsilane column was uti- 
lized with a mobile phase consisting of 55% methanol and 45% 0.10 M 
acetate buffer, pH 5.0. A spectrofluorometric detector with an excitation 
wavelength of 253 nm and a band pass filter provided high sensitivity with 
no interference from normal plasma constituents. The reproducibility 
and precision of the method were shown by analysis of spiked samples 
containing 2.5-70 pg/ml of plasma. 


Keyphrases Naproxen-determination by isocratic high-pressure 
liquid chromatography, human plasma 0 High-pressure liquid chro- 
matography-isocratic, determination of naproxen and desmethylna- 
proxen in human plasma 0 Metabolites-determination of naproxen and 
its desmethyl metabolite in human plasma, high-pressure liquid chro- 
matography 


Naproxen is a nonsteroidal anti-inflammatory drug 
commonly used for the treatment of arthritis, dysmenor- 
rhea, and for the relief of mild to moderate pain (1). Drugs 
in this class share many side effects such as GI (2,3) and 
renal toxicity (4). Due to the high incidence of side effects, 
there is interest in the use of patient monitoring as a 
method of minimizing adverse reactions. 


A direct spectrophotometric method lacking specificity 
due to interference from metabolites and salicylic acid has 
been reported (5). Several GLC methods also have been 
reported, all of which require derivation and a minimum 
0.5-ml plasma sample (6-10). Quantitation has been per- 
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Figure 1-Effert of molarity of t h p  mobile phase at pH 5 on capacity 
factor, K'. Key: N ,  naproxen; M ,  desmethyl metabolite; and D, di- 
phrnylacetic arid (internal standard). 


formed by high-pressure liquid chromatography (HPLC) 
(11-14), and methods have been described involving pre- 
cipitation of plasma protein followed by injection of the 
supernate (11) and the direct injection of diluted samples 
(12). The use of ion-pairing has also been described (12). 
An HPLC method for screening solid dosage forms using 
dual UV detectors was reported recently (15). Methods 
capable of determining the metabolite require a 0.5-ml 
plasma sample (10,13). 


The present report describes a method for the rapid 
determination of naproxen and its desmethyl metabolite 
using an isocratic HPLC separation and fluorometric de- 
tection. Conditions for the extraction, separation, and 
detection of naproxen and desmethylnaproxen in a sample 
size of 0.1-ml plasma are discussed. The applicability of 
this model was demonstrated by the analysis of plasma 
from patients receiving oral naproxen. 


EXPERIMENTAL 
Instrumentation-A high-pressure liquid chromatograph' was 


equipped with a fluorometric detector' and an octadecylsilane column3 
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Figure 2-Effect of pH on the mobile phase pt 0.01 M on rapacity 
factor, K'. Xe.y: N, naproxen; M ,  desmethyl metabolite; and D,  di- 
phenylacetic acid (internal standard). 


Model 202, chromatograph, M6000 pump, and U6K Universal injector, Waters 
Associates, Milford, Mass. * FS-970. Schoeffel. Westwood. N.J. 


Zorbax, Dupont, Wilmington, Del. 
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Figure 3-Typical chromatograms of desmethylnaproxen (a), diphenylacetic acid (b), and naprowen (c) from plasma. Key: A, plasma blank; R, 
15 p g  drug and metabolitell.0 ml plasma; and C, 30 pg drug and metabolitell.0 ml plasma. 


(25 cm X 4.6-mm i.d.). The degassed mobile phase was pumped through 
the column a t  1.5 ml/min (3200-3400 psi) a t  ambient temperature until 
a stable baseline was obtained. The fluorometer was set at  an excitation 
wavelength of 253 nm and a band pass filter (230-420 nm) was used. 


Chemicals and Reagents-Sodium acetate, sodium phosphate, acetic 
acid, phosphoric acid, methylene chloride, hexane, chloroform, ethyl 
acetate, ether, isopropanol, and diphenylacetic acid were reagent grade. 
HPLC grade methanol was used. Naproxen and desmethylnaproxen were 
obtained from the manufacturer4. 


Mobile Phases-To study the effect of ionic concentration and pH 
on retention time, methanol with pH 4 and 5 sodium acetate buffers (0.01, 
0.0~,0.03,0.04,0.06,0.08,0.10,0.12,and0.15M)oraceticacidsolutions 
(0.01,0.02, and 0.3 M) were used as mobile phases. All mobile phases were 
degassed under vacuum. 


Extract ion Conditions-Plasma containing naproxen and 
desmethylnaproxen was acidified with one of the following: 1.0 M 
phosphoric acid, 1.0 M sulfuric acid, 0.1 M phosphate buffer (pH 4), 0.1 
M phosphate buffer (pH 3) ,  or 0.1 M acetate buffer (pH 4). The acidified 
plasma was extracted with hexane, methylene chloride, chloroform 
containing 5% isopropanol, ether, or ethyl acetate. 


Standard Stock Solution-A solution containing 10 mg each of 
naproxen and its desmethyl metabolite in 10 ml of methanol was pre- 
pared. 


Extraction Solution-A solution of 120 mg of the internal standard, 
diphenylacetic acid, in 250 ml of methylene chloride was prepared (2.4 
m g h  ml). 


Analytical Procedure-Spiked plasma standards were prepared by 
adding an appropriate aliquot of the standard stock solution to 1 ml of 
heparinized plasma. The spiked plasma was vortexed and 0.1-ml portions 
were placed in 15-ml screw-capped centrifuge tubes. The plasma was 
acidified with 0.3 ml of 1.0 M phosphoric acid, and 5-ml extraction so- 
lution containing the internal standard wa5 added. The tubes were vor- 
texed for 10 sec and centrifuged for 5 min a t  3500 rpm. A 4-ml volume 


Syntex, Palo Alto, Calif. 


of the organic phase was transferred to a concentration tube5 and evap- 
orated to dryness a t  ambient temperature under a gentle nitrogen stream. 
The residue was dissolved in 0.5 ml of methanol and 10 pl was injected6. 
The mobile phase used for the analysis was 55:45 methanol and acetate 
buffer (pH 5,0.10 M). 


Quantitation-A standard curve was constructed by injecting plasma 
extracts simulating concentrations of the drug and metabolite. The 
chromatograms were recordedi at  a chart speed of0.5 cmhin .  The ratios 
of peak heights (drug or metabolik to internal standard) were calculated 
and plotted versus the concentration in micrograms per milliliter 
plasma. 


Interference-The possible interference of normal plasma constit- 
uents was tested by the analysis of blank plasma. The interference of 
other drugs was tested by direct injection of methanolic drug solution 
or by the analysis of extracts of plasma samples containing therapeutic 
concentrations. 


Recovery-For the recovery study, plasma standards were prepared 
as described previously. After evaporation the residue was dissolved in 
0.5 ml of methanol containing 360 ng of naproxen or desmethylnaproxen. 
A 10-pl aliquot containing 7.2 ng was injected onto the column. 


Pat ient  Sample Preparat ion and Analysis-Heparinized plasma 
samples from patients receiving oral naproxen were processed in dupli- 
cate as described previously. The amount of drug and metabolite was 
calculated by comparison with standards prepared daily. 


RESULTS AND DISCUSSION 
Increasing buffer molarity had a complex effect on the capacity factors 


of naproxen, desmethylnaproxen, and the internal standard (Fig. 1). The 
capacity factor was increased by decreasing pH (Fig. 2). Moreover, at low 
pH the compounds have a high capacity factor causing very long retention 
times and band broadening. 


~~ ~ ~~~ 


Concentratube, Lahoratory Research Co., Los Angeles, Calif. 
Hamilton Co., Reno. Nev. 
Model 56, Perkin-Elmer, Norwalk, Conn. 


Journal of Pharmaceutical Sciences I 437 
Vol. 71, No. 4, April 1982 







b Table 11-Assay Precision” 


A 


L 


a 


D 


b 


0 


b 


a 


C 


b 


a 


b 


c 


Scale - 
0 5 10 


Minutes 


Figure 4-Chromatogramsof plasma extracts containing desmethyl- 
naproxen (40 pglml) (a) and naproxen (40 pglml) (b). Key: A, hexane; 
B, methylene dichloride; C, chloroform containing 5% isopropanol; D, 
ether; and E, ethyl acetate. 


The choice of diphenylacetic acid as internal standard was based on 
coextractability with the drug and metabolite and an ideal relative re- 
tention time. A mobile phase of 55% methanol and 45% acetate buffer 
(pH 5,O.lO M) gave well resolved, sharp peaks for naproxen, its metab- 
olite and the internal standard, with retention times of 10.0,3.3, and 5.9 
min, respectively (Fig. 3). Under the described conditions 0.5 pg of 
naproxen or its desmethyl metabolite per milliliter of plasma could be 
quantitated. 


Naproxen can be extracted readily from acidified plasma using organic 
solvents with a wide range of polarities; however, its desmethyl metabolite 
cannot be extracted with hexane or ethyl acetate (Fig. 4). The choice of 
acid or buffer for acidification of plasma dan be used to optimize recovery 
and to minimize interference from plasma constituents, but due to the 
small sample size required and the small aliquot injected onto the column, 


Table I-Statistical Analysis of Linear Regression 


Parameter Naproxen Metabolite 


Range of standards, 2.5-70 2.5-70 


Correlation 0.9913 0.9922 


Slope 0.1021 f 0.0029 0.1247 f 0.0046 


pglml plasma 


coefficient 


Intercept -0.0327 f 0.0480 -0.0714 f 0.0760 


Theoretical, Naproxen Metabolite 
pg/ml plasma % Found SE %Found SE 


~ 


2.5 113.6 0.09 1 1  4.6 0.22 
5 


10 
15 


. ~- 
101.0 0.15 101.8 0.11 
101.3 0.52 100.3 0.21 
101.3 0.56 103.6 0.26 


20 90.6 0.26 89.8 0.25 
30 
40 
50 
70 


103.4 0.82 103.4 0.99 
96.5 0.96 98.7 0.98 


104.2 0.99 101.5 0.12 
99.0 1.41 99.6 1.72 


‘ N = 5  


Table 111-Possible Interferences Under Assay Conditions 


Fluorescence a t  Retention 
Assay Conditions Time, min Drug or Metabolite 


Acetaminophen No - 
Caffeine No - 
Carbamazepine No - 
Fenoprofen Yes >15 
Ibuprofen Yes >15 
Indomethacin No - 


Desmethyl metabolite No - 
Phenobarbital No - 
Phenytoin No - 


No - Primidone 
Quinidine No - 
Salicylic acid Yes Solvent front 
Sulindac No - 


Sulfide metabolite No - 
Sulfone metabolite No - 


Theophylline No - 
Tolmetin No - 


Metabolite No - 
Valproic acid No - 


Des(chlorobenzoy1) Yes Solvent front 
metabolite 


there was no interference from plasma constituents with any of the acids 
or buffers tested. Optimum recovery of naproxen (66.6%) and desmeth- 
ylnaproxen (62.4%) from spiked plasma samples was obtained using 1.0 
M phosphoric acid to acidify plasma prior to extraction with methylene 
chloride. 


The ratio of peak height of naproxin or its metabolite to the peak height 
of the internal standard was plotted uersus concentration. Statistical 
analysis indicated excellent linearity (Table I) and reproducibility (Table 
11). 


Plasma levels of patients receiving 250-mg doses, two or three times 
daily were 21.5-65.1 pg/ml. The metabolite was not present in significant 
amounts since i t  is not expected to signifiFantly accumulate unless the 
patient’s renal function is compromised (12). 


Aspirin and other commonly used drugs did not interfere with the 
analysis (Table 111). 


The described method is simple and rapid. Both naproxen and its 
desmethyl metabolite can be determined in a single isocratic assay with 
no interference from many commonly used drugs. This method can be 
recommended for routine patient monitoring and for pharmacokinetic 
studies. 
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Abstract  The extended Hildebrand approach for predicting solubil- 
ities of crystalline compounds in solvent mixtures was tested using tol- 
butamide, acetohexamide, and sulfisomidine in mixed solvents consisting 
of hexane-absolute ethanol and 95% (v/v) ethyl alcohol-aqueous buffer. 
The solubility of these drugs was determined a t  25 f 0.2" and then 
back-calculated using the adhesive energy term, W, to account for so- 
lute-solvent interaction. Solubilities were predicted within 13% for tol- 
butamide, 31% for acetohexamide, and 43% for sulfisomidine, and with 
considerably better accuracy in most solvent mixtures. 


Keyphrases Hildebrand solubility approach, extended-tolbutamide, 
acetohexamide, and sulfisomidine in binary solvent mixtures 0 Tolbu- 
tamide-solubility in binary solvent mixtures, extended Hildebrand 
approach Acetohexamide-solubility in binary solvent mixtures, ex- 
tended Hildebrand approach 0 Sulfisomidine-solubility in binary 
solvent mixtures, extended Hildebrand approach 


The Hildebrand-Scatchard theory (1) for crystalline 
solids in regular solution is expressed by: 


v p  (")' (61 - 6 ~ ) ~  (Eq. I) 
AH!,, T,- 


-log xz = ___ - 
2.303RT( T, 7'- 


where X 2  is the mole fraction solubility, AH/, is the heat 
of fusion, Tm is the melting point of the solute expressed 
in absolute degrees, T is the absolute temperature of the 
solution, R is the gas constant expressed in cal/'Kmole, 
Vp is the molar volume of the solute as a hypothetical su- 
percooled liquid, 61 and 6 2  are the solubility parameters 
of the solvent and the solute, respectively, and $1 is the 
volume fraction of the solvent. 


An approach (2) was suggested recently to extend reg- 
ular solution theory to semipolar drugs in pure solvents 
and in polar binary solvent mixtures (2-4). The extended 
Hildebrand solubility equation may be written as: 


(61' + 62' - 2WCaic) vz (0 - log xp = - log xg + ___ 
2.303 R T  (Eq. 2) 


where X i  is the ideal solubility of the solute expressed in 
mole fraction, Wcalc is the potential energy of solute-sol- 
vent interaction, and all other terms are identical with 
those in Eq. 1. The square of the solubility parameters are 
referred to as cohesive energy densities, and W may be 
referred to as an adhesive energy density since it involves 
both solute and solvent. The units of energy densities are 


calories per cubic centimeter (cal/cm3) and for solubility 
parameters they are the square root of the same unit 
[ ( c a l / ~ r n ~ ) ~ / ~ ] .  The ideal solubility term, -log Xi, consti- 
tutes the first right-hand term of Eq. 1. Log Xi may be 
taken as roughly equal to -AH',/2.303 RT [(Tm - T)/Tm] 
as seen in Eq. 1, or as ASL/R [log (T/T,)] as used in earlier 
studies (2-4). Although it has not been established which 
is more correct, either form provides satisfactory results 


SOLUBILITY PARAMETER, 6 ,  (cal/crn')% 
Figure 1-Solubility profile of tolbutamide in n-herane-absolute 
ethanol and 95% ethanol-aqueous buffer systems at 25'; 62 = 10.98, 
Xi = 0.07218. Key: (- - -) regular solution (Eq. 1); (-) calculated solu- 
bility (Eqs. 3a and b). The horizontal line intersecting the regular so- 
lution curue at its peak is the ideal solubility, Xl,= 0.07218. 
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Abstract  A GLC-nitrogen phosphorous detector (NPD) method for 
the quantitative determination of trifluoperazine in plasma is described. 
It depends on an organic extraction of trifluoperazine and the internal 
standard prochlorperazine from basified plasma. Following the extrac- 
tion, the organic solvent is evaporated to dryness and the residue is re- 
constituted in a small volume of methyl alcohol. GLC analysis of aliquots 
of the methanolic solution using a NPD permitted the determination of 
0.5 ng/ml of trifluoperazine in plasma. Standard curves for trifluoperazine 
over a concentration range of 0.5 to 15 ng/ml of plasma were linear with 
an overall variation coefficient of 5.3%. In isolated samples obtained from 
a normal healthy volunteer, application of this method to plasma con- 
centration determinations after oral administration of a 5-mg triflu- 
operazine tablet, is demonstrated and compared with the concentrations 
obtained by GLC-mass spectrometry and radioimmunoassay proce- 
dures. 


Keyphrases 0 Trifluoperazine-GLC-nitrogen phosphorous detector 
analysis in human plasma Prochlorperazine-GLC-nitrogen phos- 
phorous detector analysis of trifluoperazine in human plasma 
GLC-Nitrogen phosphorous detector-analysis of prochlorperazine in 
human plasma 


Since the introduction of the major tranquilizers in the 
early 1950's, the phenothiazines with the piperazine ring 
system have been widely used. Over the past 25 years, 
several publications (1-5) have been concerned with the 
quantitation of chlorpromazine in biological fluids; how- 
ever, the analysis of piperazine containing phenothiazines 
has been more difficult. Being therapeutically more potent, 
these antipsychotic drugs are administered in much 
smaller doses than chlorpromazine. Like chlorpromazine, 
these agents undergo extensive metabolism leading to 
numerous metabolites, several of which are pharmaco- 
logically active. These drugs are also subject to extensive 
first-pass (gut wall and/or hepatic) biotransformation. 
Other properties of these drugs include large interindi- 
vidual variations in plasma levels following identical doses 
to volunteers or patients, extensive binding to multiple 
sites, large volumes of distribution, and their extreme in- 
stability in all stages of handling during analysis (4-7). 
Published reports indicate that the plasma concentrations 
of these piperazinyl phenothiazines in patients are much 
lower than those encountered with chlorpromazine. Thus, 
sensitivity requirements for these drugs are more stringent 
than those for the assay of chlorpromazine (8-10). 


The techniques which may have the sensitivity for the 
quantitation of chlorpromazine and other antipsychotics 
include GLC-nitrogen phosphorous detector (NPD), 
GLC-electron capture detector (ECD), GLC-mass spec- 
trometry (MS), HPLC-UV, HPLC-spectrofluorometric 
detector (SPF), and other procedures such as radioim- 
muno- and radioreceptor assays. For the orally adminis- 
tered antipsychotic agent, trifluoperazine, only the ra- 
dioimmunoassay and GLC-MS methods of Midha et al. 
(11, 12) have demonstrated the necessary sensitivity to 
follow plasma concentration-time profiles following the 


Q33L3 \ 


II 


administration of single 5-mg doses of trifluoperazine in 
healthy human volunteers. These procedures are capable 
of quantitating plasma trifluoperazine concentrations in 
specimens collected as late as 24 hr postadministration of 
trifluoperazine. 


A new GLC method for trifluoperazine (I) based on an 
organic extraction of basified plasma and quantitation 
using a more conventional NPD system with prochlor- 
perazine (11) (the 7-chloro analog of trifluoperazine) as 
internal standard is described. Trifluoperazine in the 
concentration range 0.5-15 ng/ml of plasma can be quan- 
titated in this method with an overall variation coefficient 
of 5.3%. 


EXPERIMENTAL 


Materials-Trifluoperazine dihydrochloride', N-desmethyltrifluo- 
perazine dimaleate', trifluoperazine sulfoxidel, 7-hydroxytrifluoperaz- 
inel, and prochlorperazine dimaleate2 were generously donated. 


Heparinized evacuated tubes3 were commercially obtained. All solvents 
used were HPLC grade, and all other chemicals were commercial ana- 
lytical grade, used without further purification. 


The assay was done in subdued light. Standard solutions of triflu- 
operazine, trifluoperazine metabolites, and prochlorperazine were pre- 
pared by dilution in ethanol and/or double distilled water. Appropriate 
dilutions of the standard solutions were made in outdated human 
plasma4. 


Plasma Level Study-A normal, healthy male volunteer (57 kg) fasted 
overnight was given a single 5-mg commercial trifluoperazine tablet 
orally5. Blood samples (10 ml) were withdrawn from the cubital vein into 
heparinized evacuated tubes, centrifuged, and separated plasma was 
stored a t  -4" for a maximum period of 7 days. During blood sample 
collection, care was taken to avoid contact of the blood with the rubber 
stopper of the evacuated tube. 


Extraction of Trifluoperazine-One milliliter of aqueous internal 


Smith Kline and French Canada, Ltd., Mississauga, Ontario, Canada and Dr. 
A. A. Manian, National Institute of Mental Health, Rockville, Md. 


RhBne-Poulenc Pharma Inc., Montreal, Quebec, Canada. 
Venoject. Kimble-Terumo, Inc., Elkton, Md. 
Canadian Red Cross. 


5 Stelazine, Smith Kline and French Laboratories, Philadelphia, Pa. 
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Figure  I-GLC-NPD chromatogram of: (A), extracted blank human 
plasma; ( R ) ,  cxtracted human plasma spiked with 2.5 nglml of t r i f lu-  
operazine; (('I, extracted plasma obtained f r ( im human uolunteer 2.0 
hr / ~ l l ( ~ i i i i n g  the ndministration o f 5  mg of trifluoperazine. (1, caffeine; 
2, triflrtopcruzine; 3, prochlorperazin(7.) 


standard solution of prochlorperazine (100 ng/ml) and 0.5 ml of 10 N 
NaOH were added to a 2-ml plasma sample (spiked or from dosed vol- 
unteer) in a 10-ml polytef-lined screw-capped test tube. The sample was 
gently mixed6 and 5 ml of n-pentane-isopropyl alcohol (50:l) was added. 
The tube was tightly capped and the drug and the internal standard were 
extracted from plasma by first mixing5 for 15 min and then centrifugingx 
for 15 min at  room temperature at  1720Xg. Following centrifugation, -4 
ml of the upper organic layer was transferred with the aid of a disposable 
Pasteur pipet to a fresh tuhe, taking ext,reme care not to contact the or- 
ganic-aqueous interface. The organic extract was evaporated9 almost 
to dryness at 55". The sides of the tube were washed down with -1 ml 
of the extracting solvent and the contents re-evaporated9 to dryness. The 
residue was then reconstit.uted in the same tube with 25 pI of methyl al- 
cohol by mixing6 and aliquots of 2-4 pl were injected into t.he gas chro- 
matograph. 


GLC-The gas chromatographlo was equipped with a nitrogen phos- 
phorous detector. The column was a coiled glass tube", 1.8 m long X 
2-mm i.d., packed with 370 phenyl methyl silicon12 coated on acid-washed, 
dimethylchlorosilane-treated 100-120 mesh high-performance, flux- 
calcined diatomite support13. 


The column was conditioned at  335O for 12-24 hr with a low helium 
flow. For plasma analysis, the injection port, detector block, and column 
oven temperatures were 300,300, and 310°, respectively. Helium was used 
as a carrier gas a t  a flow rate of 30 ml/min. Hydrogen and air flow rates 
and NPD bead voltages were optimized for maximum response at elec- 
trometer settings of 3 or 4. 


Calculations-Peak height ratios were calculated hy dividing the 
height of the peak due to trifluoperazine (0.89 min) by t,hat of prochlor- 
perazine, the internal standard (1.90 min). Calibration curves were 
constructed by plotting the spiked control plasma peak height ratios 
against the concentrations of trifluoperazine (nanograms per milliliter 
of plasma). 


RESULTS AND DISCUSSION 


Under the chromatographic conditions described previously, triflu- 
operazine and the internal standard prochlorperazine gave sharp and 


Vortex Genie, Fisher Scientific Co., Edmonton. Alberta, Canada. 


T-J6 Centrifuge, Beckman Instruments, Toronto, Ontario, Canada. 
Thermolyne Dri-Bath, Fisher Scientific Co., Edmcinton, Alberta, Canada. 


1" Model 5840, Hewlett-Packard Canada Ltd.. Edmont.on, Alberta, Canada. 
11 Chromatographic Specialties, Brockville, Ontario. Canada. 
12 OV-17, Chromatographic Specialties, Brockville. Ontario, Canada. 


Gas Chrom Q, Chromatographic Specialties, Brockville, Ontario, Canada. 


8 Evapo-Mix, Fisher Scientific Co., Edmonton, Alberta, Canada. 


Table  I-GLC-NPD Estimation of Trifluoperazine Added to 
Plasma" 


Plasma 
Trifluoperazine, Average Coefficient of 


ng/ml n Peak/Height Ratioh Variation, '% 


0.5 6 
1.0 6 
2.5 6 
5.0 6 _.  


7.5 6 
10.0 6 
15.0 6 


0.062 
0.120 
0.246 
0.482 
0.744 
1.021 
1.512 


13.9 
5.9 
5.5 
5.2 
7.0 
4.1 
2.7 


~ ~ ~~ ~~~~~~ 


" Mean coefficient of variation = 53%,  slope = O.IOO:(x f 0.0035, and correlatim 
= 0.9992. TriIlu~iperazine~Pri~chlorperazine. 
symmetrical peaks with retention times of 0.89 and 1.90 niin, respectively. 
Figure 1A shows a typical chromatogram obtained by processing control 
blank plasma which contained 50 ng/ml of the internal st.andard, pro- 
chlorperazine. No extraneous peak at  the retention time of trifluoperazine 
was observed. A chromatogram obtained when the method was applied 
to spiked human plasma containing 2.5 ng/ml of trifluoperazine and 50 
ng/ml of the internal standard is shown in Fig. 1B. In the blank and spiked 
plasma (Fig. l A ,  1B) a sharp peak which had an identical retention time 
to caffeine was obt.ained. Caffeine was extracted in the procedure used, 
and because of the presence of four nitrogen atoms it gave a good response 
to  the NPD. 


Figure 1C shows a chromatogram of the plasma sample (2  ml) from 
blood withdrawn from a male volunteer (57 kg) at, 2.0 hr after oral ad- 
ministration of a 5-mg commercial tablet. This sample was estimated to 
contain 1.45 ng/ml of t.rifluoperazine. There was no peak due to caffeine, 
since t.he subject was asked to withdraw from caffeine-containing bev- 
erages and food. A chromatographic analysis time of -2 min was required 
for each sample. 


The use of'a mixed organic solvent system ofn-pentane and isopropyl 
alcohol provided quantitative extraction of the drug and the internal 
standard in one step from basif'ied plasma. The overall recoveries of tri- 
fluoperazine and prochlorperazine were of the order of 102.3 f 3.6 and 
90.7 2.8%. respectively, as reported earlier (12). The use of isopropyl 
alcohol not only provides the necessary polarity needed for t.he quanti- 
tative extraction of the drug and the internal standard, it also retards the 
adsorption of these basic drugs onto the glass surface during extraction. 
I t  was also found useful to keep the concentration of the internal standard 
high, as the prochlorperazine competes with the drug for the adsorption 
sites on the glassware used for extraction. This type of observation has 
been made earlier with the structurally similar drug chlorpromazine (131, 
where it was found necessary to use very high concentrations of the in- 
ternal standard mesoridazine. 


The important metabolites of trifluoperazine, which are extracted 
under the conditions described previously, did not interfere in this pro- 
cedure. These metabolites elute with retention times different from that 
of the drug and the internal standard. Figure 2 shows the chromato- 
graphic separation ot' these metabolites, i .e.,  N-desmethyltrifluoperazine, 
7-hydroxytrifluoperazine, and trifluoperazine sulfoxide, from triflu- 
operazine and the int,ernal standard prochlorperazine. Trifluoperazine 
sulfone also did not interfere, as it was found to elute after the triflu- 
operazine sulfoxide. 


After repeated injections into the gas chromatograph, an uneven re- 
sponse from t,he NPD was observed, which led to reduced sensitivity as 
well as the ratios of peak heights of the drug and the internal standard 
becoming irreproducible. This generally required readjustment of the 
NPD bead voltage or installation o f a  new head. 


An interesting problem of interference with respect to trifluoperazine 
was observed in the present GLC-NPD assay. If the plasma samples were 
prepared from blood collected in the heparinized brand of evacuated 
tubesi, an interfering peak with nearly the same retention time as tri- 
fluoperazine was observed in the chromatograms. The interference, often 
observed as a double peak was small but significant. This was overcome 
by employing a different brand of evacuated tubes14. Some additional 
experimentation revealed that the interfering material was alkaline and 
aqueous soluble; however, positive chemical identification attempts by 
mass spectrometry were not successful. I t  should be noted that although 
the plasticizer effect (14) with trifluoperazine is not as significant as with 
other phenothiazines. care must be exercised during the collection of 
blood by evacuated tubes t,o see that the blood does not come in contact 
with the rubber stopper. 


14 Vacutainer, Becton Uickinson Co., Mississauga, Ontario, Canada. 
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Figure 2-GLC-NPD separation of trifluoperazine(l), N-desmethyl- 
trifluoperazine (Z), 7-hydroxytrifluoperazine (3). prochlorperazine (4), 
and trifluoperazine sulfoxide (5); OV-17 injector, 300’; oven, 310’; 
detector, 300”. Approximately 50 ng of each component on-column using 
nitrogen-phosphorous detection. 


The accuracy and precision of the GLC-NPD assay are demonstrated 
in Table I. Results are based on six determinations of each concentration 
of trifluoperazine, ranging from 0.5 to 15 ng/ml of plasma. The overall 
variation coefficient was 5.3%. The calibration curve obtained by plotting 
the peak height ratio of the trifluoperazine and prochlorperazine versus 
the concentration of trifluoperazine was linear over the 0.5-15.0-ng range 
of the drug/ml of plasma. A mean slope value of 0 .1003~ + 0.0035 (r2 = 
0.9996) was obtained. 


The application of the present method to plasma concentration de- 


Table  11-Comparison of Plasma Trifluoperazine 
Concentrations Determined by Three Different Methods 


Subject Trifluoperazine Plasma Concentration 
Plasma Sample, GLC-NPD, Radioimmunoassay, GLC-MS, 


hr ng/ml ng/ml ng/ml 


2.0 0.88 1 .oo 0.80 
3.0 0.91 1.09 0.93 
4.5 0.73 1.13 0.71 


terminations is shown in Table 11, where the values obtained by the 
present method are given along with those obtained by GLC-MS and 
radioimniunoassay procedures. Because of the sensitivity limitations of 
the GLC-NPD assay, only concentrations around the peak times are 
shown from one volunteer. The GLC-NPD values compare well with the 
GLC-MS method; however, the radioimmunoassay gives values that are 
slightly higher than those obtained with the chemical methods. This is 
probably due to  the cross-reactivity of the antiserum to the 7-hydroxy 
and N-desmethyl metabolites of trifluoperazine (11). 


In conclusion, the described procedure is simple and specific for tri- 
fluoperazine. I t  may not have the sensitivity for single-dose pharmaco- 
kinetics and bioavailability studies for the drug, however, steady-state 
monit,oring can be easily carried out. This procedure can also be easily 
adopted for the quantitative determination of prochlorperazine by using 
trifluoperazine as the internal standard. The other phenothiazine drugs 
which have been tested for plasma extraction and sensitivity are 
promazine, chlorpromazine, butaperazine, and promethazine. Thus, the 
described procedure has the potential for its applicability in the quan- 
titative analysis of these drugs. 
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Abstract  The described pharmacokinetic analysis involved two sep- 
arate studies on nine dogs randomly assigned to three groups of three dogs 
each. In the first study, the effect of varying the dosage of tolazamide was 
examined. The second study concerned the effect of varying the dosage 
of oxyphenhutazone on tolazamide. A 3 X 3 Latin square was used to 
study both effects. Each group received each treatment, with a minimum 
of 1 week separating each session. The pharmacokinetics of tolazamide 
followed a two-compartment open model. The hybrid rate constants, LY 
and 0, were not significantly different at  the three dosages when measured 
by a three-way analysis of variance. The only significant difference at the 
three dosage levels of tolazamide was in the apparent volume of distri- 
bution. In the pharmacokinetic interaction associated with intravenous 
administration of one dose of tolazamide and three doses of oxyphen- 
butazone, the apparent volume of distribution and the hybrid rate con- 
stant (Y did not change significantly while the hybrid rate constant for 
tolazamide, 0, seemed to decrease with increasing oxyphenhutazone. 


Keyphrases 0 Pharmacokinetics--tolazamide and oxyphenbutazone 
interactions, dogs 0 Tolazamide-pharmacokinetic interactions with 
oxyphenhutazone, dogs Oxyphenbutazone-pharmacokinetic inter- 
actions with tolazamide, dogs 


Enhanced hypoglycemic effects have been reported 
when patients, stabilized on a sulfonylurea (tolbutamide 
or tolazamide), have had phenylbutazone and/or its analog, 
oxyphenbutazone, added to the treatment regimen (1). 
Hussar (2) suggested that phenylbutazone/oxyphenbu- 
tazone enhanced the hypoglycemic effects of tolbutamide 
or tolazamide. 


Other investigators (3) found significant prolongation 
of the half-life of tolbutamide when phenylbutazone was 
administered at the same time. However, there have been 
few studies on this pharmacokinetic interaction and its 
clinical significance. None of the studies dealt with the 
pharmacokinetic parameters involved in the interaction 
of oxyphenbutazone and tolazamide when administered 
simultaneously. 


There are three possible mechanisms for a phar- 
macokinetic interaction that enhances the hypoglycemic 
effects of tolazamide and other sulfonlyureas in the pres- 
ence of phenylbutazone or oxyphenbutazone: 


1. Inhibition of drug metabolism, i . e . ,  a decrease in 
metabolism of tolazamide/sulfonylurea, which could be 
caused by the presence of oxyphenbutazone or phenyl- 
butazone. 


2. Displacement of tolazamide/sulfonylurea from pro- 
tein binding sites, which could result in increased blood 
concentrations of unbound, pharmacologically active 
tolazamide/sulfonylurea or its metabolites and could also 
produce high urinary concentrations of unchanged drug 
and its metabolites. 


3. Inhibition of the excretion of tolazamide/sulfonylurea 
by a direct effect on the kidney. 


The purpose of this study was to determine if a mea- 
surable pharmacokinetic interaction existed between 
tolazamide and oxyphenbutazone and which mechanism 
might explain it. 


EXPERIMENTAL 


Experimental  Design-A 3 X 3 Latin square was used to study the 
effect of varying dosage on tolazamide pharmacokinetics. A similar Latin 
square design was used for the tolazamide*xyphenbutazone interaction 
study, in which the dose of tolazamide was kept constant and the doses 
of oxyphenbutazone were varied. 


Nine dogs were randomly assigned to three groups of three dogs each. 
Each group received each treatment, with a minimum of 1 week of rest 
separating each session. 


The study was conducted over 3 months, with the sequence of treat- 
ments in accordance with a Latin square design (Table I). In the first 
study, Treatments A, B, and C were 5,20, and 35 mg of tolazamide/kg, 
respectively. In the second study, Treatments A, B, and C were 10,15, 
and 20 mg of oxyphenbutazone/kg, respectively, all with 20 mg of tola- 
zamide/kg. 


Typical Sampling Times-Zero time for tolazamide sampling was 
taken to be the midpoint of the tolazamide injection. Sampling times were 
2,5,  10, and 30 min and 1 ,2 ,4 ,6 ,8 ,  12, and 24 hr after the tolazamide 
injection. 


Animals-Nine mongrel dogs, 9.0-16.5 kg, were obtained from the 
local animal shelter. These animals were vaccinated and given appro- 
priate treatment for parasites; after acclimation, they were certified as 
healthy. 


A catheter was surgically placed in the jugular vein so that the tip was 


Table  I-Latin Squa re  Design for the Study of Tolazamide 
Pharmacokinetics 


Dog Identification Week 
Group Number 1 2 3 


1 
2 
3 


1. 2.3 A R c .~ - 
B C A 
C A B 
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Table 11-Pharmacokinetic Parameters (Mean f SD) 
Calculated from Tolazamide Plasma Concentrations Obtained 
a f t e r  Intravenous Administration of Three Dosages 


Treatment" 
Parameter A B C 


A, pg/ml 21.51 (4.15) 69.14 (35.36) 124.07 (53.38) 
B, pg/ml 21.17 (8.69) 114.49 (37.91) 234.71 (42.24) 
a. hr-l 5.69 (2.40) 5.84 (4.63) 7.04 (3.37) 
B.' hr-' 0.11 (0.01) 0.11 (0.02) 0.11 (0.02) 
C!, pg/ml 43.40 (11.43) 179.90 (61.82) 362.27 (64.9i) 
kz l ,  hr;' 2.94 (1.44) 3.38 (1.99) 4.48 (2.50) 
k ,  , hr- 0.23 (0.04) 0.18 (0.08) 0.17 (0.04) 
k;z, hr-l 2.83 (2.07) 2.30 (2.16) 2.44 (1.68) 
kizlkiz 0.91 (0.38) 0.59 (0.47) 0.53 (0.28) 
Vdext liters 3.02 (0.80) 2.40 (0.96) 1.91 (0.50) 


a A is 5, B is 20, and C is 35 mg of tolazamide/kg of body weight. 


in the anterior vena cava. The catheter was directed subcutaneously from 
the jugular vein to a 2.0-cm incision in the back between the scapulae. 
I t  was attached to a 18-gauge needle with an infusion cap to allow for ease 
of sample removal. 


Preparation of Material-The dogs were weighed the afternoon prior 
to treatment. The amount of the drug to he administered was determined 
according to the corresponding dose for that treatment session and the 
weight of the animal. Tolazamide and oxyphenbutazone solutions for 
intravenous injection were prepared and filtered through a 0.22-pm filter 
to ensure sterility. 


Treatment-Food, but not water, was withdrawn from the dogs 12 
hr prior to administration. Food was allowed ad l ibi tum after the col- 
lection of the 4-hr sample. Dogs 1-9 received 5,20, or 35 mg of tolazam- 
ide/kg of body weight iv in the first phase of the study. 


In the second phase, Dogs 1-9 received intravenous injections of 20 mg 
of tolazamide/kg of body weight, immediately followed by 10, 15 or 20 
mg of oxyphenbutazonehg of body weight iv. Intravenous administration 
was selected to avoid any problem with drug absorption that would 
prevent determination of the volume of distribution. 


The dose of tolazamide was selected to obtain measurable blood con- 
centrations of the drug for a t  least three to five biological half-lives. This 
procedure allowed reproducible measurement of the magnitude of peak 
concentrations as well as accurate measurement of the lower values a t  
the end of the experiment. Blood samples were withdrawn through a 
catheter or by venous puncture. A 3.0-ml blood sample was mixed with 
heparin and centrifuged immediately after mixing. The plasma was 
separated, transferred into a screw-capped culture tube (7 mm), and 
frozen at  -20' until assayed. 


Preparation and  Extraction of Plasma Standards-A standard 
solution of tolazamide was prepared by dissolving 100 mg of tolazamide 
in 5 ml of 0.1 N NaOH in a 100-ml volumetric flask and brought to volume 
with distilled water. 


Aliquots of the standard solution of tolazamide containing 5,10,20, 
30,40,50, and 60 pg were placed in 50-ml screw-capped centrifuge tubes. 
To each centrifuge tube, 0.5 ml of dog plasma was added and mixed well. 
An aliquot (0.2-ml) of the internal standard solution containing 20 pg 
of trihexyphenidyl was then added to each centrifuge tube. To these 
samples, 1 ml of buffer solution (0.5 M KHzP04,NazHP04) of pH 6 was 
added. Then 20 ml of chloroform was added to each centrifuge tube. The 
centrifuge tubes were shaken for 20 min on a table shaker and centrifuged 
for 5 min at  100 X g to break the emulsion. The aqueous phase was re- 
moved by aspiration, and 10 ml of the organic phase was transferred to 
a 10-ml sample vial. Samples were evaporated at  room temperature in 
a hood overnight. The residue was dissolved in 20 pl of chloroform and 
analyzed by gas chromatography (GC). 


Plasma Specimens-Aliquots (0.5 ml) of the plasma samples were 
placed in 50-ml centrifuge tubes, and the samples were processed in the 
same manner as the plasma standards. Duplicate aliquots from each 
sample were analyzed. Analysis was carried out on a gas chromatograph' 
equipped with a flame-ionization detector and a glass column (U-shaped, 
183 cm length X 2-mm i.d.) packed with 3% OV-17 on 100-200 mesh Gas 
Chrom Q .  Nitrogen was the carrier gas a t  a flow rate of 65 ml/min, and 
the rates for air and hydrogen were 250 and 45 ml/min, respectively. The 
column oven was operated isothermally at  180°, the flash heater was at  
230, and the detector was at  280'. Under these conditions, tolazamide 
and trihexyphenidyl had retention times of 4 and 20 min, respectively. 


Beckman GC-45. 


Table 111-Statistical Analysis of Vdext for Tolazamide at Three 
Dosages 


Source of Variation d f  ss M S  F 


Total 26 19.86 - - 
Subject 8 8.71 1.09 2.86b 
Group 2 0.78 0.39 1.03a 
Subject/group 6 7.93 1.32 3.47b 
Week 2 0.28 0.14 0.37" 
Treatment 2 0.28 0.14 0.37" 
Residua 1 14 5.36 0.36 - 


Not significant. 
Significant a t  the 1% level 


When using peak height ratios of tolazamide to internal standard, the 
calibration data (over concentration ratios of 0.25-3.00 and peak height 
ratios of 0.10-1.25) were linear with a correlation coefficient of 0.994. 


Assay Specificity-To ensure assay specificity, a standard solution 
(1 mg/ml) of tolazamide was prepared in chloroform. Similarly, a standard 
solution of the internal standard (1 mg/ml) was prepared. 


Five microliters of the standard solution of tolazamide were placed in 
a sample vial, and 2 p1 were analyzed by GC. Retention times under the 
described conditions were 4 min for tolazamide and 20 min for trihex- 
phenidyl. 


As a further check on specificity, the following experiment was per- 
formed on one dog's plasma extract. Plasma extract (20 pl) was chro- 
matographed on precoated TLC plates of silica gel F-254 of 250-pm 
thickness. A reference sample containing 20 pg of pure tolazamide was 
utilized. The plate was developed in a solvent system of chloroform- 
methanol-formic acid (59:4:1). The zones of tolazamide were located by 
examination of the chromatogram using a UV lamp (254 nm). 


The Rf value (0.59) of tolazamide from all plasma extracts was identical 
to that of the pure tolazamide sample. The zones were removed separately 
and extracted with chloroform (3 X 2 ml). To each extract was added 0.1 
ml of internal standard, and the total was evaporated to dryness. The 
residue was reconstituted in 15 p1 of chloroform and analyzed. The 
chromatogram showed identical retention times for the TLC extract of 
pure tolazamide and for the samples obtained from separately extracted 
spots from dog plasma extracts. 


Data Analysis-Results obtained from analysis of the plasma samples 
were corrected to reflect the plasma tolazamide concentration. These 
plasma concentrations and their corresponding times were utilized to 
calculate the pharmacokinetic parameters for each animal using AU- 
TOAN (4). 


Analysis of variance was performed to determine the significance of 
the differences between pharmacokinetic parameters due to treatment 
effect, variation among subjects and time period, and overall residual 
effect. 


RESULTS AND DISCUSSION 


The pharmacokinetic analysis involved two separate studies on an 
equal number of dogs. In the first study, the effect of varying the tola- 


400 1 
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Figure 1-Plasma concentration versus t ime curves o f  tolazamide for 
Dog 9. Key:  curve A (+):5 mg of tolazamidelkg o f  body weight; curve R 
(A), 20 mg of tolazamidelkg of body weight; and curve C (e), 35 mg of 
tolazamidelkg o f  body weight. 
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Table IV-Pharmacokinetic Parameters  (Mean f SD) 
Calculated from Tolazamide Plasma Concentrations Obtained 
a f t e r  Intravenous Administration of Three  Dosages of 
Oxyphenbutazone 


Treatment " 
Parameter TA T B  TC 


A, d m l  57.67 (23.29) 78.17 (35.71) 61.49 (42.18) 
B, pg/$l 106.85 (20.47) 109.36 (17.68) 120.30 (36.74) 
a. hr- 9.31 (7.18) 8.02 (5.64) 8.47 (6.07) 
f l ,  hr-' 0.14 (0.02) 0.11 (0.02) 0.09 (0.02) 
C:, pglyl  165.50 (31.69) 181.58 (32.63) 178.07 (41.92) 
kxl, hr- 4.54 (3.71) 5.83 (4.87) 4.42 (2.96) 
k,.  hr-' 0.03 (0.16) 0.18 (0.05) 0.15 (0.04) 
k;?. hr-l 4.36 (3.89) 4.20 (4.56) 3.15 (1.84) 
k J k i 2  1.07 (1.09) 0.64 (0.25) 0.63 (0.35) 
Vdext, liters 2.31 (0.73) 2.21 (0.56) 2.23 (1.01) 


(I T is 20 mg of tolazamide/k of body weight, and A is 10, B is 15, and C IS 20 mg 
of oxyphenbutazondkg of bocfy weight. 


zamide dose was examined. In the second study, the effect of varying the 
oxyphenbutazone doses on tolazamide was analyzed. 


The data were analyzed by a two-compartment open model. In the 
statistical analysis, only three major parameters, a, b, and Vd extrapo- 
lated (Vdext), were utilized because they are key factors in explaining 
a two-compartment open model. Other parameters change with changes 
in a and (3. 


Dose-Related Pharmacokinetics of Tolazamide-The pharma- 
cokinetics of tolazamide were studied after intravenous administration 
of three different doses in each of nine dogs to determine if any dose- 
dependent changes in tolazamide kinetics were apparent (Table I). The 
plasma concentration data obtained a t  each dosage was biphasic (Fig. 
1). Therefore, the data were analyzed by a two-compartment open 
model. 


The hybrid rate constants, a and (3, and the apparent volume of dis- 
tribution, Vdext, after intravenous administration of three different 
dosages of tolazamide in nine dogs are reported in Table 11. The hybrid 
rate constant, a, which represents the rapid distribution of the drug in 
the body, did not change significantly. Similarly, b, which represents the 
loss of the drug from the body, did not change significantly with the 
change in the dosage levels of tolazamide. 


A possible explanation for the lack of a significant difference in subject, 
group, and subjectlgroup could be that mongrel dogs were used and these 
animals do not represent a genetically controlled breed. The only sig- 
nificant difference observed was in the apparent volume of distribution 
Vdext at  the three dose levels of tolazamide (Table 111). It is entirely 
feasible that Vdext might change without changing a or f l  as dose in- 
creases. Wagner and Pernarowski (5) suggested that the Vdext will vary 
as a function of dose if the drug has the property of changing its diffusi- 
tivity or permeability. The pharmacokinetics of tolazamide associated 
with intravenous administration was dose independent as measured by 
a and f l .  


Tolazamide Pharmacokinetics i n  Presence of Three Oxyphen- 
butazone Dosages-Results from the pharmacokinetic analysis of the 
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Figure %-Plasma concentration versus time curves of tolazamide (20 
mglkg of body weight) in presence of oxyphenbutazone for Dog 9. Key: 
curve A f+), 10 mg of oxyphenbutazonelkg of body weight; curve B (A), 
15 mg of oxyphenbutazonelkg of body weight; curve C (@), 20 mg of 
oxyphenbutazonelkg of body weight. 


Table V-Statistical Analysis of Vpext fo r  Tolazamide at Three 
Dosages of Oxyphenbutazone 


Source of Variation d f  ss MS F 


Total 26 0.0199 - - 
Subject 8 0.0095 0.00119 7.93" 
Group 2 0.0023 0.00115 7.67" 
Subject/group 6 0.0072 0.00120 8.00" 
Week 2 0.0008 0.00040 2.67 
Treatment 2 0.0075 0.00375 25.00" 
Residual 14 0.0021 0.00015 - 


a Significant at the 1% level. * Not significant. 


blood concentration data obtained from a dog that received 20.0 mg of 
tolazamidekg iv followed by 10.0,15.0, or 20.0 mg of oxyphenbutazonehg 
are depicted in Fig. 2, which shows a biphasic trend. Therefore, blood 
concentration data were analyzed by a two-compartment open model. 
Tables IV and V contain the estimated pharmacokinetic parameters and 
statistical analysis data for these animals. 


The parameters a, (3, and Vdext obtained from nine dogs after intra- 
venous administration of 20.0 mg of tolazamidekg followed by one of the 
three dosages of oxyphenbutazone were analyzed by a three-way analysis 
of variance. For tolazamide, a and Vdext did not change significantly in 
the presence of the three oxyphenbutazone doses. However, (3 was sig- 
nificantly different for tolazamide in the presence of these three oxy- 
phenbutazone doses. 


Thus, it can be concluded that oxyphenbutazone only affects the (3 
hybrid rate constant of tolazamide. This effect of oxyphenbutazone ap- 
pears to be more pronounced as its dose increases. From the data reported 
here, only a trend can be seen, as depicted graphically in Fig. 3. The de- 
crease in b with increasing dose of oxyphenbutazone represents a decrease 
in the overall elimination rate of tolazamide from the body. The value 
for (3 that was calculated from the first experiment in which the dogs 
received tolazamide alone cannot statistically be included in the analysis 
of the second experiment, but it was of the same order of magnitude. 


These changes can be explained on the basis of three possible mecha- 
nisms of interaction of tolazamide and oxyphenbutazone. 


The first possible mechanism involves inhibition of the tolazamide 
metabolism caused by the presence of oxyphenbutazone. A possible ex- 
planation could be that oxyphenbutazone may promote the synthesis of 
a form of cytochrome P-450 that has a lower metabolic capacity for 
tolazamide. Induction of this hepatic microsomal monooxygenase system 
is well established in animals (6). Some inducing agents can also decrease 
the microsomal oxidative capacity for a substrate (7). Any one or a 
combination of several of these changes could be the reason for the sig- 
nificant differences in (3. 


The second possible mechanism involves the displacement of tolaza- 
mide from protein binding sites. The values of a and Vdext for tolazamide 
were not significantly different at  the three oxyphenbutazone doses. This 
finding suggests that there might be little or no competitive displacement 
of tolazamide from protein binding sites in the presence of oxyphenbu- 
tazone. 


The third possible mechanism could be inhibition of tolazamide ex- 
cretion. Many acidic drugs and their metabolites are actively secreted 


DOSE OF OXYPHENBUTAZONE, mq/kg 


Figure 3-Mean hybrid rate constant f l  obtained from nine dogs for 
tolazamide versus dose of oxyphenbutazone. 
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by the proximal tubular active transport mechanism, and drug-drug 
interactions may result from competition with this system. Since tola- 
zamide and oxyphenbutazone are weakly acidic drugs, they might com- 
pete for active secretion by the proximal tubular active transport 
mechanism. The hypoglycemic action of acetohexamide is enhanced by 
the simultaneous administration of phenylbutazone by the same me- 
chanics (8). Similarly, the hypoglycemic action of tolbutamide is en- 
hanced by the presence of phenylbutazone (9). The value of @ for tola- 
zamide seems to decrease with increasing oxyphenbutazone, which could 
result in an enhanced hypoglycemic effect of tolazamide. 
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Abstract  The bioavailability of chlorothiazide from oral tablets was 
examined under fasting and nonfasting conditions in healthy male vol- 
unteers. Bioavailability was determined from urinary excretion data and 
plasma chlorothiazide concentrations. Two fasting treatments and one 
nonfasting treatment yielded similar plasma chlorothiazide profiles, 
characterized by sharply ascending and descending segments until 12-13 
hr postdosing, followed by a prolonged period with variable and erratic 
chlorothiazide levels. A triexponential function that adequately described 
mean data from each treatment could not be applied to individual plasma 
curves because of their variable nature. Chlorothiazide absorption was 
not influenced by different accompanying water volumes in fasted in- 
dividuals but was doubled when tablets were administered immediately 
after a standard meal. Urinary excretion of chlorothiazide correlated well 
with plasma drug concentrations; 48-hr urinary recovery accounted for 
24.7% of a 500-mg dose in nonfasted subjects compared to 12.3 and 14.9% 
in fasted subjects receiving the drug with 20 and 250 ml of water, re- 
spectively. Observed relationships between chlorothiazide dosage and 
absorption efficiency are consistent with previous suggestions that 
chlorothiazide absorption from the GI tract is saturable and site spe- 
cific. 


Keyphrases 0 Chlorothiazide-effect of food and fluid volume on 
bioavailability, plasma and urinary excretion methods compared 
Bioavailability-chlorothiazide, effect of food and fluid volume, plasma 
and urinary excretion methods compared Diuretics-chlorothiazide, 
influence of food and fluid volume on bioavailability, plasma and urinary 
excretion methods compared 


Chlorothiazide is poorly absorbed after oral doses. Less 
than 25% of orally administered compound is recovered 
in urine, compared to >90% following intravenous injection 
(1-4). Inefficient GI absorption of chlorothiazide may be 
partly due to its low aqueous solubility but also may be 
related to saturable and site-specific absorption (5,6). 


The presence of food and the variation in fluid volumes 
with which a drug is administered can markedly influence 
drug bioavailability (7-9) with possible clinical conse- 


quences (10). The poor and possibly site-specific absorp- 
tion characteristics of chlorothiazide make it conducive 
to a bioavailability study under varying dosage condi- 
tions. 


This report describes chlorothiazide bioavailability 
following oral doses of commercial tablets to healthy male 
volunteers in fasting and nonfasting states and with small 
and large accompanying water volumes. Plasma concen- 
trations and urinary excretion of chlorothiazide were 
compared using recently described high-pressure liquid 
chromatographic (HPLC) procedures (11). 


EXPERIMENTAL 


Subjects-Nine healthy male volunteers’, 22-33 years of age (mean 
27) and weighing 62-88 kg (mean 74), participated in the study after 
giving informed consent. No subject had histories of drug allergy. 


Protocols-Subjects were instructed to take no drugs for 1 week before 
the study and no drugs other than chlorothiazide during the study. No 
caffeine-containing beverages were permitted for 1 day before or during 
the plasma and urine sampling periods following each chlorothiazide 
dose. 


Chlorothiazide2 was administered as three oral treatments: Treatment 
A, two 250-mg tablets with 250 ml of water following an overnight fast; 
Treatment B, two 250-mg tablets with 20 ml of water following an over- 
night fast; and Treatment C, two 250-mg tablets with 250 ml of water 
given immediately after a standard breakfast (cornflakes with milk, 150 
m l ( 5  oz) orange juice, two poached eggs, two slices of toast, and one cup 
of caffeine-free coffee). 


Subjects were randomly divided into three groups of three, and the 
treatments were administered according to a 3 X 3 Latin square design 
a t  I-week intervals. Each treatment was given after an overnight fast; 
no food, apart from the standard breakfast for those receiving Treatment 


Technical staff and graduate students. 
Chlorothiazide tablets USP (250 mg), lot 559-197, Lederle Laboratories, 


American Cyanamid Co., Pearl River, NY 10965. 
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Abstract o The determination of DNA-binding specificities for a series 
of bis(methy1thio)vinylquinolinipm iodides and two bis(aminoalky1)- 
anthraquinones was accomplished by spectral analysis, equilibrium di- 
alysis, elevation of melting temperature, and inhibition of DNA function 
as a template for Escherichia coli RNA-polymerase transcription activity 
in uitro. Studies of complex formation were carried out by comparison 
of difference spectra of the compounds in the presence of native dou- 
ble-stranded DNA and separated-strand DNA. Base specificity of the 
interaction between DNA and the compounds was demonstrated for both 
series, particularly for the anthraquinones, for the guanine-cytasine base 
pair. Comparison of the difference spectra of the compounds in the 
presence of DNA with varied base-pair ratios showed a strong preference 
of the anthraquinones for the guanine-cytosine base pair, but the 
quinolinium compounds showed no preference. The linear-binding iso- 
therm for the quinolinium compounds indicated one type of binding site, 
while two types of binding sites were apparent for the anthraquinones. 
Since only one anthraquinone was active in leukemia tests, factors other 
than DNA binding must account for the activity of the antileukemic 
derivative. 


Keyphrases 0 DNA-binding specificity of bis(aminoalky1)anthra- 
quinones and bis(methy1thio)vinylquinolinium iodides Bis(aminoa1- 
ky1)anthraquinones-DNA binding specificity and RNA polymerase 
inhibition Bis(methy1thio)vinylquinolinium iodides-DNA binding 
specificity and RNA polymerase inhibition 


A series of 1-methylquinolinium-2-dithioacetic acid 
zwitterions (1,2) and derivatives (3) showed appreciable 
anticancer activity against P-388 lymphocytic leukemia 
growth in mice. Since the structures of these compounds 
differ in several respects from those of other antileukemic 
agents, no obvious clue to a possible mechanism of anti- 
cancer action was apparent. However, the planar nature 
of the quinoline ring suggested binding to DNA as a pos- 
sible factor in their action, and accordingly, DNA binding 
studies were carried out. At the same time, two structurally 
similar anthraquinone derivatives (4), one having good 
antileukemic activity and the other inactive, were mea- 
sured and examined for any differences in their binding 
ability. Chloroquine, a known intercalating agent for DNA, 
was used as a control substance. 


The methods used to determine DNA binding ability 
involved spectral analysis, equilibrium dialysis, elevation 
of melting temperature, and in uitro inhibition of cell-free 
RNA transcription. In addition, studies of complex for- 
mation of the compounds with DNA were carried out using 
native double-strand and single-strand DNA, and also 
using DNA from various sources with different base-pair 
ratios. Absorption spectra of the compounds in the pres- 
ence of DNA with different base-pair ratios were compared 
to determine any base-pair specificities in the DNA 
binding. It was thought that use oi'several different tech- 
niques could provide more information on DNA binding 
than one method alone. 


HO 0 R 


HO 0 R 
I: R = NH(CH,),NH(CH,),OH.2 HC1.5 H,O 


11: R = NH(CH,),N(CH,), 


R2 I 
CH~+I- 


111: RI=  H, R, = SCH, 
IV: R,=  CH,, Ri = SCH, 
V: R I =  OCH,, R, = SCH, 


n 
u VI: R,= CH,, R, = N 0 


EXPERIMENTAL' 


Materials - 5,8-Dihydroxy-l,4-bis[2-(hydroxyethyl)aminoethyl] 
amino-9,10-anthracenedione (I) and 5,8-dihydroxy-1,4-bis[4-(dimeth- 
ylaminobutyl)amino]-9,10-anthracenedione(II) were used. 1-Methyl- 
2-bis(2-methylthio)vinylquinolinium iodide(III), 1,6-dimethyl-2-bis(2- 
methy1thio)vinylquinolinium iodide(IV), l-methyl-6-methoxy-2-bis(2- 
methy1thio)vinylquinolinium iodide(V), and 1,6-dimethyl-2-[2-meth- 
ylthio-2-(l-morpholino)vinyl]quinolinium iodide (VI) were previously 
reported (3). Chloroquine (VII), calf thymus DNA type I sodium salt [43% 
guanosine-cytidine (G-C)], Escherichia coli DNA type VIII (50% G-C), 
Clostridium perfringens DNA type XI1 (27% G-C), Micrococcus lyso- 
deikticus DNA type XI (72% G-C), bovine serum albumin, RNA poly- 
merase type I from E. coli, adenosine 5'-triphosphate disodium salt 
(ATP), cytidine 5'-triphosphate sodium salt type 111 (CTP), uridine 5'- 
triphosphate sodium salt type 111 (UTP), and guanosine 5'-triphosphate 
sodium salt type I11 (GTP) were all obtained commercially2. Trometh- 
amine3 and [8-14C]adenosine 5'-triphosphate tetrasodium salt4, 18- 
14C]ATP, (40 Ci/mmole) were also obtained commercially. 


Spectral Analysis-Stock solutions of the compounds were made 1 
X lO-'M in 5 mM tromethamine hydrochloric acid buffer, pH 7.4. Beer's 
law curves were prepared from the regressed absorbance values, and so- 
lutions of 1.5-3.5 x M were scanned in the UV and visible regions. 
Molar absorptivities are listed in Table I. Spectra were observed in the 
presence of calf thymus DNA solutions at concentrations of 1.5 x 10-5-5 
X M, and are shown in Figs. 1 and 2 for the anthraquinones. 


Equilibrium Dialysis-These experiments were carried out using 
an earlier method (5) with 5-ml glass dialysis cells and a membrane with 


* Absorption spectra were taken with a Beckman DB spectrophotometer. Melting 
temperatures were measured with a Gilford 250 spectrophotometer equipped with 
a baseline reference compensator, analog multiplexer No. 6046 and a No. 2527 
thermoprogrammer. Measurement of inhibition of DNA function as a template 
for E.  coli RNA polymerase was done using a Packard Tricarb LSC model 3320 
liquid scintillation spectrometer. 


Sigma Chemical'Co., St. Louis, Ma. 
Trizma compounds 8.2 and 7.5. Sigma Chemical Co., St. Louis, Mo. 
New England Nuclear Corp., Boston, Mass. 
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Table I-Molar Absorptivities 


Absorption 
Compound Maximum, nm 


Table 11-Equilibrium Constants for Binding of I-VII to Calf 
Thymus DNA 


C m a x  Compound K a D D  B a D D  


I 608 18.630 
I1 


111 
IV 
V 


VI 


610 .-. 


402 
402 
404 
434 


181490 
25,480 
16,870 
20,060 
30.245 


VII 338 131225 
a Observed in 5 mM tromethamine hydrochloric acid buffer (pH 7.4). 


a molecular weight limit of 12,0005. Solutions of calf thymus DNA ranging 
from 1.0 X M were made in 5 mM tromethamine hy- 
drochloric acid buffer (pH 7.4), and a concentration of 1 X M of 
compound was prepared in the same medium. Concentrations at equi- 
librium (24 hr, 25O) were measured by absorption spectra and determi- 
nations for each compound were made in duplicate or triplicate. Con- 
centrations of free and bound species were calculated as previously de- 
scribed (6,7). The correlation coefficient for each compound tested was 
>0.91. Binding parameters Kspp and Bapp are listed in Table 11. 


Melting Temperature Determination-The temperature in a 
heated cell was increased at the rate of 1°/min. The concentration of calf 
thymus DNA was 1.0 X M nucleotide phosphorus, and the buffer 
was 5 mM tromethamine hydrochloric acid (pH 7.4). Concentrations of 
compounds used were 1 X and 1 X M for the anthraquinones 
and 1 X M for the quinolinium compounds. Absorbance was mea- 
sured at  260 nm. The temperature at which 50% hyperchromicity is at- 
tained (T,) for the compounds tested is recorded in Table 111. 


Inhibition of E. coli RNA Polymerase-Stock solution H was pre- 
pared from: tromethamine hydrochloric acid (1.376 9); potassium chloride 
(2.795 g); 2-mercaptoethanol (0.195 9); magnesium chloride (0.508 9); 
bovine serum albumin (0.125 g); and distilled water to make 100 ml. 


Stock solution I was prepared from: ATP sodium salt (0.117 9); CTP 
sodium salt (0.109 g); UTP sodium salt (0.105 g); GTP sodium salt (0.114 
9); and distilled water to make 10 ml. 


Stock solution J contained [8-14C]ATP (0.01 mCi, 0.13 mg/0.5 ml, 30 
pl), and distilled water to make 200 pl. 


Stock solution K consisted of 100 units of E. coli RNA polymerase 
diluted with 60% glycerol-40% tromethamine hydrochloric acid buffer 
containing 0.2 mM 1,4-dithiothreitol, 0.01 mM ethylenediaminetetra- 
acetic acid, and 10 mM magnesium chloride to give 2 unitdl0 pl. It was 
stored below 0'. 


Stock solution L was prepared from calf thymus DNA solution, 5 mM 
in nucleotide phosphorus (absorption coefficient a t  260 nm of 6600 
M-llcm, 0.083 g); ethylenediaminetetraacetic acid (0.056 g); and 5 mM 
tromethamine hydrochloric acid buffer (pH 7.4) to make 50 ml. Solution 
L was stored below 0'. Other DNA solutions were prepared in the same 
way. 


The liquid scintillation solution contained 2.5-diphenyloxazole (6.000 
9); 1.4-bis[2-(5-phenyloxazolyl)]benzene (0.200 9); toluene (1400 ml); and 
methanol (600 ml). 


to 1.5 X 


I 1.31 X lo6 0.341 
I1 2.61 X lo6 0.341 


111 7.47 x 104 0.063 
IV 1.31 x 103 0.075 
V 1.05 x 103 0.085 


VI 8.70 x 104 0.077 
VII 8.08 x 105 0.138 


a Determined in 5 mM tromethamine hydrochloric acid buffer (pH 7.4). 


The gain setting for maximum efficiency of the scintillation spec- 
trometer was determined at 40%. The activity of RNA polymerase was 
determined by measuring the amount of [8-14C]ATP rendered acid in- 
soluble as determined by the filter paper disk assay of Bolhm (8). 


The assay mixture contained in 0.125 m1 consisted of pH 8.0 tro- 
methamine hydrochloric acid buffer (5.000 pmoles); magnesium chloride 
(1.250 pmoles); potassium chloride (18.750 pmoles); 2-mercaptoethanol 
(1.250 pmoles); CTP sodium salt (0.019 pmole); GTP sodium salt (0.019 
pmole); UTP sodium salt (0.019 pmole); [8-14C]ATP tetrasodium salt 
(6,500 cpm) (0.019 pmole); calf thymus DNA, (5.000 pg); and bovine 
serum albumin, (62.500 pg). 


DNA (5.0 pg) solutiow were preincubated with each compound (1.0 
X 10-5-5.0 X M) in 25 p1 of 5 mM tromethamine hydrochloric acid 
buffer (pH 7.4) for 10 min at  37O prior to the assay of RNA polymerase 
activity. The reference blank contained DNA in buffer solution. 


The assay mixture was prepared by adding 50 pl of solution H, 10 p1 
of solution I, 10 pl of solution J, 20 ml of distilled water, 5.0 pl of prein- 
cubated DNA and the test compound in 25 11, and 10 pl of E. coli RNA 
polymerase solution (2 units). The mixture was incubated for 10 min at  
37O, and the enzyme reaction was terminated by the addition of 25 pi of 
cold 5% trichloroacetic acid containing 1% tetrasodium pyrophosphate 
and by chilling in an ice water bath for 15 min. 


The acid insoluble material from a 100-pl aliquot of each incubation 
mixture was spotted uniformly on a 2.5-cm circular millipore filter (0.45 
pm pore size), kept a t  room temperature for 15 min, and washed three 
times by being swirled in 10 ml of 5% trichloroacetic acid containing 1% 
tetrasodium pyrophosphate, followed by two washings each of 2.5% tri- 
chloroacetic acid and 95% ethanol. Filters were dried and placed in 15 
ml of scintillation liquid. Radioactivity was counted in the scintillation 
spectrometer and all assays were run in triplicate. Inhibition of RNA 
polymerase activity by the test compounds was recorded (Tables IV and 
V). 


Comparison of Absorption Spectra of Compounds in the Presence 
of Native Double-Stranded DNA and Separated-Strand DNA-One 
milliliter of a test compound solution (2.CL5.0 X 10-4.M, in tromethamine 
hydrochloric acid buffer, pH 7.4) was added to 1 ml of either native 
double-stranded calf thymus DNA (1.25 X 10-4-5.0 X M) or to 1 
ml of separated-strand DNA solution. Strand separation was done by 
heating calf thymus DNA solution at 98' for 30 min and immediately 
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Figure 1-Influence of DNA on the visible spectrum of I. DNA was used 
at  a concentration of 25.0 X M. 
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Figure 2.-Znfluence of DNA on the visible spectrum I I ;  DNA was used 
at a concentration of40.0 X M. 
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Table 111-Melting Temperature  Determination 
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Figure 3-Difference spectra of free and DNA-bound test compounds. 
The concentration used was 2.0 X M I  and the DNA concentration 
used was 1.25 X M. Key: A,  C. perfringens DNA; X ,  calf thymus 
DNA; and 0, M. lysodeikticus DNA. 


coolin:: the solution at  0'. The control solution used was 5 mM tro- 
methamine hydrochloric acid buffer, pH 7.4. Difference spectra were 
recorded i n  the visible region. 


Inhibition of DNA Function as Template for E. coli RNA Poly- 
merase with Varied Base Ratio DNA-DNA from the following sources 
was used: C. pcrfringms (27% G-C); calf thymus (43% G-C); E. coli (50% 
G-C); and M .  Iysodcikticus (72% G-C). RNA polymerase activity was 
measured as described and results are tabulated in Table VI. Concen- 
trations used were 1 x M 
for the quinolinium compounds. 


Comparison of Absorption Spectra of Compounds in the Presence 
of Varied Base Ratio DNA. One milliliter of a test compound solution 
(2.0 X 10-5-6.0 x M in 5 mM tromethamine hydrochloric acid 
buffer. pH 7.4) was added to 1 ml of the various DNA solutions (1.25 X 


M ,  based on phosphorus). The buffer (5 mM, pH 7.4) was used as 
a control. Difference spectra were recorded in the visible region, and the 
data are plotted in Figs. 3 and 4 for the anthraquinones. 


M for the anthraquinones and 1.5 X 


DISCUSSION 


Spectral Analysis-The interaction of the compounds with calf 
thymus DNA resulted in a consistent bathochromic/hypochromic shift 
in the visible spectrum around 20--30 nm for the anthraquinones and 
20-60 nm for the quinolinium compounds. In comparison, chloroquine 
showed an average shift of 10 nm in the presence of calf thymus DNA. 


Equilibrium Dialysis-These experiments using calf thymus DNA 
were done a t  ambient temperature a t  pH 7.4. For determining binding 
parameters, Scatchard plots were employed using the expression: 


(Eq. 1) 


where r is the ratio of bound compound to DNA nucleotide phosphorus, 
C, is the concentration o f  free compound, KaqP is the apparent binding 
constant, and HapP is the apparent number of binding sites per nucleotide 
phosphorus. The binding parameters Kal,,, and Rapp are shown in Table 
11. These values were obtained from the nearly linear portion of the iso- 
therm at small values of r for a strong binding. 
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Figure 4-Difference spectra of free and DNA-bound test compounds. 
The concentration used was 2.0 X M I I  and the DNA concentration 
used was 1.25 X M. Key: A, C. perfringens DNA; X ,  calf thymus 
DNA; and 0, M lysodeikticus DNA. 


Compound 


DNA (calf thymus) 62.0' 
I b  72.0' 10.0' 


IIb 74.0" 12.0" 
It > loo.oo >38.0' 


IIC >loo.oo >38.0' 


DNA (calf thymus) 62.0' 
I b  72.0' 10.0' 


IIb 74.0" 12.0" 
It > loo.oo >38.0' 


IIC >loo.oo >38.0' 
IIIb 69.5' 7.5' 
IVb 71.5" 9.5' 


71.0' 9.0' 
VI v; 70.0' 8.0' 


VIIb 76.0' 14.0" 


0 Measured at 260 nm with a temperature rise of l0/min. * 1.0 X M. 1.0 
x 10-5 M. 


Table IV-Inhibition of E. coli RNA Polymerase by the 
Anthraauinones on Calf Thymus DNA as Substrate  


Inhibition, % 
Concentration, M I I1 


2.0 x 10-4 
1.0 x 10-4 
6.0 X 
2.0 x 10-5 
1.0 x 10-5 
1.0 x 10-6 


89.01 
79.03 
40.39 
31.80 
26.69 
0.00 


90.26 
79.20 
68.38 
35.92 
10.44 
0.00 


Table V-Inhibition of E. coli RNA Polymerase by the 
Methylthiovinylquinolinium Iodides on Calf Thymus DNA as 
Substrate  


Inhibition, % 
Concentration. M 111 IV V VII VIII 


5.0 x 10-3 60.00 
4.0 x 10-3 50.08 67.44 52.18 47.08 
2.0 x 10-3 35.28 57.66 26.05 35.98 35.12 
1.0 x 10-3 27.40 41.47 18.41 3.37 19.28 
1.0 x 10-4 17.02 8.03 13.28 0.00 0.00 
1.0 x 10-5 13.18 0.00 0.00 0.00 0.00 
1.0 x 10-6 0.00 0.00 0.00 0.00 0.00 


Scatchard plots of the binding data for the anthraquinones yielded 
biphasic curves, which indicates that two binding sites are involved, a 
stronger and a weaker (Figs. 5 and 6). The stronger binding data were 
derived from the linear region of the plot at  small values of r. The other 
slope a t  higher values of r indicates the presence of a weaker binding site. 
The strong binding is most likely associated with intercalation of the 
anthraquinone ring into DNA base pairs (9,lO). The weaker binding may 
be associated with the secondary binding of the side chains by electro- 
static interaction with the anionic exterior of the DNA helix. 


Association constants for the anthraquinone derivatives are of the same 
order of magnitude as those found for daunorubicin and doxorubicin (9, 
lo), lower than that for dactinomycin (11,12), and greater than that for 
chloroquine (13). The apparent number of binding sites per nucleotide 
obtained for the strong binding site is 0.34, indicating that binding of 
these compounds involves approximately three adjacent phosphate 
groups on the DNA. 


The linear binding isotherms of the quinolinium compounds indicate 
that only one type of binding site is involved on the DNA helix. The as- 
sociation constants are lower than those obtained for either the anthra- 
quinones or chloroquine. The compounds of this group bind a t  ap- 
proximately one of every contiguous a 1 2  phosphate groups on the DNA. 
The binding abilities of the compounds of this type were essentially the 
same, indicating little effect from the 6-substituents. 


Melting Temperature  Elevation-Thermal denaturation studies 
were done at  pH 7.4, using calf thymus DNA. The results shown in Table 
I11 indicate that all of the compounds hind to and stabilize the DNA helix 
toward temperature denaturation. Thermal stabilization did not vary 
much between the members in each series, but the anthraquinones caused 
a greater T ,  increase than either the quinolinium compounds or chlo- 
roquine, and much greater than the usual tetracyclic intercalating agents 
(9). This suggests the possible formation of a covalent bond ma a radical 
reaction induced at higher temperature (14). 


Inhibition of E. coli RNA-Polymerase Activity-Inhibition of DNA 
function as a template for E. coli RNA polymerase was carried out in oitro 
using graded concentrations of the compounds. Results are listed in 
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Table VI-Inhibition of E. coli RNA Polymerase Using Varied DNA Base Ratios 


Inhibition, 70 
DNA (% G-C) I I1 I11 IV V VI VIII 


C. oerfringens (27%) 46.43 41.17 20.79 18.18 14.39 25.21 5.05 
Caif thymts (43%) ’ 79.74 
E. coli (50%) 81.12 
M. lysodeikticus (72%) 97.53 


78.68 26.52 35.66 
89.49 33.84 36.66 
93.86 48.93 40.17 


26.17 22.58 25.78 
28.24 41.42 45.19 
48.94 46.54 51.51 


Tables IV and V. The anthraquinones were the stronger inhibitors, giving 
80-90% inhibitions at concentrations of M. The quinolinium com- 
pounds gave 4747% inhibitions at concentrations of M, which were 
comparable to the inhibitory ability of the same concentrations of chlo- 
roquine (13). 


Studies of Complex Formation-Comparison of the visible ab- 
sorption spectra of the compounds in the presence of native double- 
stranded and separated-strand DNA (calf thymus) was made. The dif- 
ference spectra showed marked quenching in absorptivities in the spec- 
trum of the double-stranded DNA (Figs. 3 and 4) but very little change 
in the spectrum of the separated-strand DNA. The requirement for 
double-stranded DNA with all the compounds tested indicated that the 
double-helical structure is necessary for strong binding, and that both 
strands are involved. 


Base specificity for the interaction between DNA and the compounds 
tested was clearly demonstrated by the inhibition of DNA function as 
measured by inhibition of E. coli RNA-polymerase activity with different 
base ratios of guanosine and cytidine. The extent of transcription inhi- 
bition is shown in Table VI. It is apparent that there is a preference for 
the G-C base pair, since the degree of inhibition is greatest, with both 
series of compounds, with the DNA source having the highest G-C base 
pair ratio. The anthraquinones appeared to have a greater preference for 
this base pair than the quinolinium compounds, as indicated by extent 
of inhibition. 
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Figure 5-Scatchard plot of I .  
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Figure 6-Scatchard plot of XI. 


Comparison of the absorption spectra of the compounds in the presence 
of the varied DNA base ratios was also carried out to further delineate 
the tendency toward base-pair specificity in DNA binding. The difference 
spectra for the anthraquinones (Figs. 3 and 4) revealed a proportionality 
to the G-C contents of the DNA species used, but the quinolinium de- 
rivatives showed no difference in depressive effect on the extinction 
coefficients in the spectra, indicating no G-C specificity. This illustrates 
the advantage of employing more than one method of measurement. 


A probable mode of action of the methylthiovinylquinolinium iodides 
is an inhibition of nucleic acid biosynthesis with formation of a molecular 
complex with DNA. Only one type of binding site is apparently involved. 
The complex formed involves both strands of the DNA double helix and 
may result from the insertion of the planar ligand between base pairs of 
the helix, the intercalation model of Muller and Crothers (15) and Lerman 


The binding parameters of the four compounds in this series are of the 
same order of magnitude. Although a marginal preference of G-C base- 
pair binding was shown by the extent of inhibition of RNA transcription, 
this was not detectable by comparison of the visible absorption spectra 
of the compounds in the presence of varied DNA base ratios. One can 
assume that the biochemical technique is definitely more sensitive and 
meaningful than the spectral methods for distinguishing those agents 
with borderline DNA base-pair specificities of binding. The presence of 
a 6-substituent has little effect on the extent of DNA binding. 


The binding studies of the two anthraquinones indicate that both 
compounds bind to DNA with comparable strength. Binding isotherms 
indicate two binding sites on DNA for these compounds. The stronger 
binding is presumed to be intercalation between successive base pairs; 
the weaker binding is considered to be an electrostatic interaction in- 
volving DNA phosphate groups and the amino side chains. Comparison 
of absorption spectra and the extent of RNA transcription inhibition with 
varied DNA base ratios show a preference for binding with the G-C base 
pair. Since the binding parameters of the two anthraquinones are es- 
sentially the same, the strong antileukemic activity of the active com- 
pound (I) could be due to additional factors such as in uiuo metabolic 
activation, pharmacokinetic behavior of biologically active components, 
or alternative action sites in the cell apparatus other than nuclei (14). 


It is apparent from these in uitro methods of studying DNA binding 
ability that some differences in anticancer activity, such as between the 
anthraquinones and the quinolinium compounds, may be correlated with 
the relative binding strengths to DNA. On the other hand, these methods 
may fail to distinguish between active and inactive compounds, as seen 
with the anthraquinones, where other biological factors may become 
determinant. 
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Abstract Bisbrusatolyl malonate, which was shown previously to be 
active against P-388 lymphocytic leukemia cell growth, was investigated 
for inhibitory effects on nucleic acid and protein synthesis. DNA and 
RNA synthesis as well as protein synthesis were markedly inhibited at 
10,25, and 50 pmole final concentrations in. uitro. The major sites of in- 
hibition of nucleic acid synthesis appeared to be DNA polymerase, 
messenger and transfer RNA polymerases, orotidine-5’-monophosphate 
decarboxylase, phosphoribosyl pyrophosphate amino transferase, and 
dihydrofolate reductase. Moderate inhibition of nucleotide kinase ac- 
tivities and oxidative phosphorylation processes occurred after drug 
treatment. Cyclic adenosine monophosphate levels were reduced. Protein 
synthesis was inhibited during the elongation step of peptide synthesis. 
The data suggested that bisbrusatolyl malonate interfered with the 
peptide bond formation. However, the ongoing polypeptide synthesis 
must be completed before the drug can bind to the ribosome effec- 
tively. 


Keyphrases 0 Bisbrusatolyl malonate-effects on P-388 lymphocytic 
leukemia cell metabolism 0 Antitumor agents-effects of bisbrusatolyl 
malonate on P-388 lymphocytic leukemia cell metabolism 0 RNA- 
synthesis, effect of bisbrusatolyl malonate, P-388 lymphocytic leukemia 
cells 0 DNA-synthesis, effect of bisbrusatolyl malonate, P-388 lym- 
phocytic leukemia cells Protein synthesis-effect of bisbrusatolyl 
malonate, P-388 lymphocytic leukemia cells 


Antineoplastic activity against P-388 lymphocytic leu- 
kemia growth was established previously for bisbrusatolyl 
esters (1,2). One of these derivatives, bisbrusatolyl malo- 
nate at 0.6 mglkglday ip, gave TIC 7% values of 271,197, 
and 188 in BDFl male mice (2) in a P-388 tumor model 
sensitive to quassinoids (2). This agent was shown to 
suppress in uitro DNA synthesis by 4596, RNA synthesis 
by 4893, and protein synthesis by 83% at 10 p M  concen- 
tration after 90 min incubation. A number of enzymes in- 
volved in nucleic acid metabolism, e.g. ,  DNA polymerase 
and dihydrofolate reductase, were inhibited in uitro by this 
ester (2). A detailed study of the effects of bisbrusatolyl 
malonate on P-388 lymphocytic leukemia cellular me- 
tabolism was conducted and its effects on nucleic acid and 
protein metabolism are now reported. 


EXPERIMENTAL 


Bisbrusatolyl malonate (I) was synthesized and characterized previ- 
ously in the literature (2). The P-388 lymphocytic leukemia tumor line 
was maintained in DBA/2 male mice (-20 9). For the in uitro studies, 


OH 


I 


P-388 cells were harvested from the peritoneal cavity 10 days after ad- 
ministering lo6 P-388 lymphocytic leukemia cells intraperitoneally into 
BDFl male mice (-20 g) on day 0 (3). In the in uiuo studies, BDFl male 
mice were inoculated with lo6 P-388 cells intraperitoneally, and on days 
7, 8, and 9 the mice were administered 0.6 mg/kg/day bisbrusatolyl 
malonate intraperitoneally. The biochemical studies were performed on 
cells harvested from the pekitoneal cavity on day 10. 


The in uitro incorporation studies (4) were conducted using 1 pCi 
[6-3H]thymidine (21.8 Ci/mmole), [6-3H]uridine (22.4 Ci/mmole), or 
[4,5-3H(N)]~-leucine (56.5 Ci/mmole) with lo6 P-388 cells in minimum 
essential medium, pH 7.2, in a total volume of 1 ml, incubated for 60 min 
a t  37O. Thymidine incorporation into DNA was terminated with per- 
chloric acid containing pyrophosphate which was filtered on glass fiber 
paper by vacuum suction. RNA and protein assays were terminated with 
trichloroacetic acid and collected on nitrocellulose membranes by vacuum 
suction. The acid-insoluble precipitates on the filter papers were placed 
in scintillation vials and counted. I n  uiuo thymidine incorporation into 
DNA was determined by injecting into the animal 10 pCi of [3H]- 
methylthymidine (24.7 Ci/mmole) intraperitoneally 1 hr before sacrifice. 
The DNA was isolated (5) and the I3H]thymidine content determined 
in scintillation fluid’ and corrected for quenching. The DNA concen- 
tration was determined by the diphenylamine reaction using calf thymus 
DNA as the standard. The results were expressed as dpm/mg of DNA 
isolated. Uridine incorporation into RNA was determined in an analogous 
manner with 10 pCi of [3H]uridine (20 Ci/mmole) and the RNA extracted 
(6). Leucine incorporation into protein was determined by the method 
of Sartorelli (7) with 10 pCi[3H]~-leucine (56.5 Ci/mmole). The control 
values for DNA synthesis were 202,098 dpm/mg of DNA, 235,360 dpm/mg 
of RNA for RNA synthesis, and 99,102 dpm/mg of protein isolated for 
leucine incorporation. 


On day 10 after in vivo administration of the drug, the number of tumor 
cells per milliliter and the 0.4% trypan blue uptake were determined with 
a hemocytometer (8). The in uitro UV binding studies were conducted 
with I (50 eg/ml) incubated with DNA (38 pglml) in 0.1 M phosphate 


Fisher Scintiverse. 
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Abstract  The extended Hildebrand approach for predicting solubil- 
ities of crystalline compounds in solvent mixtures was tested using tol- 
butamide, acetohexamide, and sulfisomidine in mixed solvents consisting 
of hexane-absolute ethanol and 95% (v/v) ethyl alcohol-aqueous buffer. 
The solubility of these drugs was determined a t  25 f 0.2" and then 
back-calculated using the adhesive energy term, W, to account for so- 
lute-solvent interaction. Solubilities were predicted within 13% for tol- 
butamide, 31% for acetohexamide, and 43% for sulfisomidine, and with 
considerably better accuracy in most solvent mixtures. 


Keyphrases Hildebrand solubility approach, extended-tolbutamide, 
acetohexamide, and sulfisomidine in binary solvent mixtures 0 Tolbu- 
tamide-solubility in binary solvent mixtures, extended Hildebrand 
approach Acetohexamide-solubility in binary solvent mixtures, ex- 
tended Hildebrand approach 0 Sulfisomidine-solubility in binary 
solvent mixtures, extended Hildebrand approach 


The Hildebrand-Scatchard theory (1) for crystalline 
solids in regular solution is expressed by: 


v p  (")' (61 - 6 ~ ) ~  (Eq. I) 
AH!,, T,- 


-log xz = ___ - 
2.303RT( T, 7'- 


where X 2  is the mole fraction solubility, AH/, is the heat 
of fusion, Tm is the melting point of the solute expressed 
in absolute degrees, T is the absolute temperature of the 
solution, R is the gas constant expressed in cal/'Kmole, 
Vp is the molar volume of the solute as a hypothetical su- 
percooled liquid, 61 and 6 2  are the solubility parameters 
of the solvent and the solute, respectively, and $1 is the 
volume fraction of the solvent. 


An approach (2) was suggested recently to extend reg- 
ular solution theory to semipolar drugs in pure solvents 
and in polar binary solvent mixtures (2-4). The extended 
Hildebrand solubility equation may be written as: 


(61' + 62' - 2WCaic) vz (0 - log xp = - log xg + ___ 
2.303 R T  (Eq. 2) 


where X i  is the ideal solubility of the solute expressed in 
mole fraction, Wcalc is the potential energy of solute-sol- 
vent interaction, and all other terms are identical with 
those in Eq. 1. The square of the solubility parameters are 
referred to as cohesive energy densities, and W may be 
referred to as an adhesive energy density since it involves 
both solute and solvent. The units of energy densities are 


calories per cubic centimeter (cal/cm3) and for solubility 
parameters they are the square root of the same unit 
[ ( c a l / ~ r n ~ ) ~ / ~ ] .  The ideal solubility term, -log Xi, consti- 
tutes the first right-hand term of Eq. 1. Log Xi may be 
taken as roughly equal to -AH',/2.303 RT [(Tm - T)/Tm] 
as seen in Eq. 1, or as ASL/R [log (T/T,)] as used in earlier 
studies (2-4). Although it has not been established which 
is more correct, either form provides satisfactory results 


SOLUBILITY PARAMETER, 6 ,  (cal/crn')% 
Figure 1-Solubility profile of tolbutamide in n-herane-absolute 
ethanol and 95% ethanol-aqueous buffer systems at 25'; 62 = 10.98, 
Xi = 0.07218. Key: (- - -) regular solution (Eq. 1); (-) calculated solu- 
bility (Eqs. 3a and b). The horizontal line intersecting the regular so- 
lution curue at its peak is the ideal solubility, Xl,= 0.07218. 
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Table I-Melting Point, Heat  of Fusion, Ideal Solubility, Molar Volume, and  Solubility Parameters  of I, 11, and 111 
~ ~~ 


Compound T,, O K  AH!,,, cal/mole" xl,, (25") log xp, (25") vz', cm"/moIe (25') 6zC, cal/cm" (25") - 
Tolbutamide (1) 404.8 6122 0.072180 -1.1416 209.9 10.98 
Acetohexamide 457.0 9819 0.003146 -2.50'22 234.4 11.64 


Sulfisomidine 515.6 10781 0.000463 -3.3344 181.9 12.80 
(11) 


(111) - 
(I Determined by differential scanning calorimetry. Calculated from the equation, - log X b  = (AHL)/2.:30:1 HT [ ( T ,  - T) /Tn ,] .  c Obtained from the method of Fedors 


(Ref. 5 ) .  


Table 11-Mole Fraction Solubility of I in n-Hexane-Absolute Ethanol and 95% (v/v) Ethanol-Aqueous Buffer Systems at 25" 


log log Percent Solution 
Solvent 61, Density, V1, ( Y ~ / A  a2IA Error 


Composition cal/cm" g/cm3 cm2/mole A Wobc Wca~c  (obs) (talc) X%hs X m r  in X Z  
100% hexane 
80 hexane in 


absolute ethanol 
60% hexane in 


absolute ethanol 
50% hexane in 


absolute ethanol 
40% hexane in 


absolute ethanol 
30% hexane in 


ahsolute ethanol 
20% hexane in 


absolute ethanol 
10% hexane in 


absolute ethanol 
100% absolute ethanol 
95% (v/v) ethanol 
95% ethanol in 


aqueous buffer 
90% ethanol in 


aqueous buffer 
80% ethanol in 


aqueous buffer 


7.30 
8.39 


9.48 


10.03 


10.58 


11.12 


11.63 


12.17 


12.76 
13.24 
13.72 


14.20 


15.15 


0.6559 
0.6862 


0.7248 


0.7366 


0.7608 


0.7705 


0.7895 


0.8039 


0.8182 
0.8375 
0.8492 


0.8597 


0.8838 


131.35 
113.12 


96.67 


89.26 


81.49 


75.66 


69.40 


62.75 


58.28 
54.96 
52.01 


49.38 


44.05 


0.15324 81.1643 
0.15119 91.5510 


0.14777 102.2015 


0.14621 107.7655 


0.14099 114.0233 


0.13979 119.8956 


0.13964 125.5801 


0.13706 132.0865 


0.13606 139.4080 
0.13986 145.2214 
0.14143 151.4441 


0.14357 157.8167 


0.14357 170.5180 


81.2637 
91.3535 


102.1887 


107.9390 


113.8790 


119.8957 


125.7461 


132.1185 


139.2900 
145.2856 
151.4258 


157.7 104 


170.5750 


11.5219 
7.8504 


6.0279 


5.6303 


4.4502 


4.4235 


4.6570 


4.4963 


4.5620 
5.4151 
5.9105 


6.5771 


9.0469 


11.3230 
8.2454 


6.0533 


5.2833 


4.7787 


4.4234 


4.3251 


4.4324 


4.7980 
5.2868 
5.9473 


6.7795 


8.9328 


0.001238 
0.004694 


0.009283 


0.010845 


0.017021 


0.017380 


0.016148 


0.017464 


0.017287 
0.012620 
0.010531 


0.008206 


0.003225 


0.001328 
0.004091 


0.009202 


0.012188 


0.015499 


0.0 17380 


0.017966 


0.017820 


0.016055 
0.013153 
0.010405 


0.007675 


0.003354 


-7.27 
12.85 


0.87 


-12.38 


8.94 


0.00 


-11.26 


-2.04 


7.13 
-4.22 


1.20 


6.47 


-4.00 


X g  = 0.07218; V z  = 209.9; 62 = 10.98 


in the back-calculation method of the extended solubility 
approach. 


To further test the extended solubility approach for 
drugs in mixed solvents, solubilities of the hypoglycemic 
agents, tolbutamide (I) and acetohexamide (II), and a 
structurally related compound, sulfisomidine (III), were 
determined in mixtures of n-hexane-absolute ethanol, and 
95% (vlv) ethanol in an aqueous buffer. The W values of 
the extended solubility equation are obtained from ex- 
perimental X 2  using Eq. 2, and then Wcalc is obtained by 
regressing W on 61 for the solvent mixture in a second 
degree or higher power series. Log n 2 l A  may also be re- 
gressed against 61 to obtain loga$Aca1,. 


EXPERIMENTAL 


Materials-Tolbutamide', acetohexamide2, ~ulfisomidine~, n-hex- 
ane4, absolute ethanol5, 95% ethanol6, sodium hydroxidefi, and methanolfi 
were tested for identity and purity, and otherwise used as received. 


Solubility Determination-The solubility of I (62 = 10.98) and I1 (62 
= 11.64) was determined in mixed solvents consisting of n-hexane (61, 
= 7.30) and absolute ethanol (6lb = 12.76), and in 95% ethanol (61, = 
13.24) mixed with aqueous buffer (&d = 22.77, pH = 2.59) in different 
proportions. The solubility of I11 (62 = 12.80) was determined in mixed 
solvents consisting of n-hexane and absolute ethanol, and 95% etha- 
nol-aqueous buffer (61, = 22.34, pH = 4.9). 


About 20 ml of the pure solvent or solvent mixture was introduced into 
screw-capped vials containing an excess of the drug being studied. The 


1 Upjohn, Kalamazoo, Mich. * Eli Lilly, Indianapolis, Ind. 
, j  Sigma Chemical, St. Louis, Mo. 
4 Aldrich Chemical, Wilwaukee. Wis. 
5 Commercial Solvent, Terre Haute, Ind. 
6 Fisher Scientific, Fair Lawn, N.J. 


vials were agitated for -7i  hr in a shaker bath maintained a t  25 f 0.2". 
After equilibrium was obtained, a filtered aliquot was pipetted, using an 
automatic micropipette, into a volumetric flask and appropriately diluted 
with methanol. The solutions were analyzed in a spe~trophotometer~ a t  
264 nm for I, 247 nm for 11, and 281.5 nm for 111. The densities of the 
saturated solutions and solvent mixtures were determined a t  25 f 0.2O 
using a 10-ml pycnometer. All determinat,ions were made in triplicate. 


Water  Content-The water content of absolute ethanol and ethanol 
labeled 95% (v/v) was determined by direct titrationa. 


Aqueous Buffer Preparation-The pH of the distilled water used 
in the preparation of the solvent mixtures was adjusted so that the drugs 
existed predominantly in their nonionized form; thus, solubility as the 
ion was not involved. Ths  pH of the buffer solution was measured after 
preparation and a t  several intervals to he sure that changes in pH did not 
occur in the solutions alone or after the drug was added. 


Heat of Fusion of I, 11, and 111-A differential scanning calorimeter9 
was used to determine the heats of fusion of the drugs. The technique and 
equations utilized in the determination were reported earlier (3). 


Solubility Parameter  and Molar Volume-The solubility param- 
eters and molar volumes of I, 11, and I11 were calculated using the func- 
tional group contribution method of Fedors (5). The solubility parameters 
of the solutes were verified using the data from solubility studies of the 
drugs in binary systems (4). The solubility parameter (62) was obtained 
a t  peak solubility and was assumed to he equ'al to the solubility parameter 
of the solvent mixture (61). In polar solvent mixtures this procedure yields 
somewhat different solubility parameters depending on the solvent 
system used. 


Other quantities required in predicting the solubility of a drug in sol- 
vent mixtures (molar volumes, V ;  volume fraction of the solvent mixtures, 
61; mole fraction solubility of the solute, X z ;  ideal solubility of the solute 
expressed in mole fraction, Xb;  solute activity coefficients, 012; and the 
adhesive energy density, W )  were calculated as described previously (3). 
The solubility parameters and the molecular weights of absolute ethanol 


Reckman Model 25 spectrciphotometer. 
Aquatrator, Precision Scientific Co. 


Y Model lR,  Perkin-Elmer. 
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Table 111-Regression Equations of Wealc and log aZ/Arale for  I, 11, a n d  111 in Hexane-Absolute Ethanol and 95% Ethanol-Aqueous 
Buffer Systems a t  25". a 


Compound Equations 


Tolbutamide (I)  Wcalc = 32.9064 (f0.8420) + 4.3342 (f0.1528) 61 + 0.3137 (f0.0067) 61' (Eq. 3a) 
F = 265172 
F(z.io,o.ou = 7.56 


n = 13 R2 = 0.999 s = 0.12663 


log ~ 2 / A ~ ~ l ~  = 54.7567 (f1.6842) - 8.6700 (f0.3056) 61 + 0.3726 (f0.0135) 61' (Eq. 36) 


Acetohexamide (11) 


Sulfisomidine (111) 


F = 420 
F~z,io.o.oi) = 7.56 


n = 13 R' = 0.988 s = 0.25330 


Wcalc = 43.0479 (f1.8180) + 3.7634 (f0.3300) 61 + 0.3460 (f0.0146) 61' (Eq. 4a) 
F = 53040 n = 10 R2 = 0.999 s = 0.25268 
F(2,7,0.01) = 9.55 


log ~z/Acalc = 49.4027 (f3.6367) - 7.5282 (f0.6601) 61 + 0.3081 (f0.0291) 61' 


F = 90 n = 10 R2 = 0.962 s = 0.50544 
F(2.7,0.01) = 9.55 


Wcalc = 93.8825 (f6.5207) - 5.7575 (f1.6683) 61 + 1.1189 (f0.1366) 61' 
-0.0186 (f0.0036) 613 


F = 49488 
F~,e. ,o.oi)  = 7.59 


n = 12 R 2  = 0.999 s = 0.33165 


log N Z / A ~ ~ ~ ~  = -23.9294 (f13.0437) + 11.5170 (f3.3371) 61 - 1.2380 (f0.2732) 61' + 0.0371 (f0.0072) h13 


(Eq. 46) 


(Eq. 5a) 


F = 166 
= 12 R2 = 0.984 s = 0.66342 


F(3.8,0.01) = 7.59 


0 The statistical parameters under each regression equation are n, the fiumber of solvent mixtures used; RZ, the squared multiple correlation coefficient; s, the standard 
deviation of the sample; F ,  the Fisher F ratio, which is followed by the tabular value of F with degrees of freedom k and n - k - 1 at  the 99% level. The value k is the number 
of independent variables in the equation. 


and 95% ethanol were corrected relative to their water content [0.57% 
(v/v) for absolute ethanol and 5.06% (v/v) for ethanol labeled 95%]. 


RESULTS AND DISCUSSION 


Experimental melting points (T,,,), obtained with a capillary appara- 
tus'O, heat of fusion (aSr i ) ,  ideal solubilities ( X Y ,  solubility parameters, 
and molar volumes for I, 11, and 111 are reported in Table I. 


The values of observed and calculated solubilities (Eq. 2) of I in hex- 
ane-absolute ethanol and 95% ethanol-aqueous buffer are compared in 
Table 11. Solution densities are included to allow calculations of solu- 
bilities in mole/liter or gram/cm3. The experimental solubilities of I, 11, 
and 111, expressed as mole fraction uersus the solubility parameters of 
the solvent mixtures, are plotted in Figs. 1-3. The ideal solubilities, Xh, 
and the regular solution curve obtained using Eq. 1 are also shown. The 
regression equations and statistics for Wcalc and log a2/Acalc are shown 
in Table 111. Earlier studies (3, 4) employed 20-30 data points for re- 
gression analysis. The present study shows that about 12 points are ad- 
equate for back-calculating the solubility curve. 


The regular solution curves of Figs. 1,2, and 3, do not coincide with the 
experimentally determined solubilities, indicating that the mixtures do 
not follow regular solution theory. In contrast, the lines obtained by using 
the extended Hildebrand approach for the drugs investigated reproduced 
the solubility of I, 11, and 111 in the solvent mixtures satisfactorily (Figs. 
1,  2, and 3). The ideal solubilities of I and I1 are higher than the peak 
solubility in mixtures of n-hexane-absolute ethanol and 95% ethanol- 
aqueous buffer. For 111 the ideal solubility is lower than the experimental 
solubility in aqueous ethanol, presumably because of solvation of the drug 
by the mixed solvent. 


At the maximum of the solubility curve, the experimental points for 
I1 fall below the predicted solubility using the extended Hildebrand ap- 
proach, but the discrepancy is not great. This may be explained by the 
presence of small peaks and valleys in the solubility profile of I1 that the 
empirical expression for W cannot be expected to reproduce, The pres- 
ence of peaks and valleys around the maximum solubility is not an un- 
common occurrence; prominent peaks were first observed by Paruta and 
Irani (6) in the solubility of caffeine in a mixture of dioxane and 
water. 


The solubility parameters for I, 11, and I11 were used to position the 
maxima of the regular solution lines of Figs. 1-3. The maxima do not 
coincide exactly with the peaks of the experimental curves. Although an 
accurate knowledge of the solubility parameters of the drugs is important 


~~~~~~ ~ ~ ~ 


" Thomas Hoover capillary melting point apparatus. A. H. Thomas Co. 


for an understanding of physicochemical properties, the extended solu- 
bility method-being a back-calculation procedure-does not depend 
on absolute values of 6 2  for its success. As reported earlier (3) the method 
may, in fact, bypass W and 62 and yield Xzcalc by regression of Iogaz/A 
on 61, as shown in Table 111. In the present study, the results obtained 
using the Fedors method (5) were accepted as a first approximation as 
the solubility parameters of the three drugs. 


SOLUBI LlTY PARAMETER, 6, (caI/crn')'/. 
Figure 2-Solubility profile of acetohexamide in n-hexane-absolute 
ethanol and 95% ethanol-aqueous buffer at 25'; 6 2  = 11.64, Xp' = 
0.00314. Key:  (- - -) regular solution (Eq. 1); (-) calculated solubility 
(Eqs. 4a and b). The  horizontal line intersecting the regular solution 
curue at  its peak is the ideal solubility, Xl,= 0.00314. 
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14 16 18 12 
SOLUBILITY PARAMETER, 6 ,  (cal/crn31% 


Figure 3-Solubility profile of sulfisomidine in n-hexane-absolute 
ethanol and 95% ethanol-aqueous buffer systems at 2-5’50; 6 2  = 12.80. 
Key: (- - -) regular solubility (Eq. I ) ;  (-) calculated solubility (Eqs. 5a 
and b). The horizontal line intersecting the peak of the regular solution 
rurue signifies the ideal mole fraction solubility, Xl,= 0.463 X 


CONCLUSIONS 


The extended Hildebrand solubility approach (1-3) was tested for its 
ability to reproduce solubilities of tolbutamide, acetohexamide, and 
sulfisomidine in mixtures of n-hexane-absolute ethanol and 95% etha- 
nol-aqueous buffer. Power series regression (quadratic for I and I1 and 
cubic for 111) in 61 was used to back-calculate W, and from W to calculate 
solubilities. 


Workers in various industries, including the pharmaceutical and cos- 
metic sciences, have not been able to rely on the Hildebrand equation 


(Eq. 1) for estimating solubilities in polar solvent systems. According to 
regular solution theory the solubility of I is predicted to be much larger 
than actual solubility a t  61 = 6 2  = 10.98 (Fig. 1). Conversely, for I11 the 
solubility predicted by the Hildebrand approach is grossly underesti- 
mated (Fig. 3). The Hildebrand theory provides reasonable, although not 
always accurate, estimates of solubility in nonpolar solvents but is not 
successful for polar systems. 


The extended Hildebrand solubility approach, replacing the geometric 
mean 6162 by an adhesive energy density W ,  and regressing W against 
the solvent solubility parameter to obtain back-calculated values of 
solubility, shows one reason why the Hildebrand method (Eq. 1) fails in 
binary mixtures of polar solvents. Surprisingly, small differences between 
W and 6162 result in large differences between actual and ideal solubility. 
For I at 61 = 11.12,6162 = 122.0976, and W = 119.8957; X 2  = 0.017380, 
and Xl, = 0.072180. The difference of as little as 1.8% between W of the 
extended approach and 6162 of the Hildebrand theory yields a 315% sol- 
ubility difference between experimental solubility and that calculated 
by the Hildebrand method. In the same mixed solvent, 30% hexane in 
ethanol, the extended Hildebrand solubility method calculates the correct 
solubility, Xzcale = 0.01738 (0.0% error). 


Both the Hildebrand and its extended method yield unsatisfactory 
estimates for solubilities of crystalline drugs in single polar solvents. 
Unlike binary mixtures, individual solvents show wide differences in 
molar volume, acid-base characteristics, and other properties. It will be 
necessary to devise new approaches, such as that suggested by the Hansen 
partial solubility parameters (7), in order to describe complex drug 
molecules in single solvents of high, low, and intermediate polarity. 
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Pectin-Gelatin Complex Coacervates I: Determinants of 
Microglobule Size, Morphology, and Recovery as 
Water-Dispersible Powders 
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Abstract The pectin-gelatin complex coacervate system was evaluated 
and characterized. The effects of final pH, mixing pH, colloid ratio, and 
solution concentration were investigated. A recovery procedure yielding 
microglobules of a controlled and uniform size in dry powder form which 
were readily revertible in water to a polydispersed suspension was de- 
veloped. The effect of various conditions and additives on the recovery 
morphology and size of the microglobules was evaluated. 


Keyphrases 0 Coacervate system-pectin-gelatin complex, final pH, 
mixing pH, colloid ratio, solution concentration Microglobules- 
pectin-gelatin, suspension in water, dry powder recovery system 
Pectin-gelatin system-microglobules, effects of final pH, mixing pH, 
colloid ratio, solution concentration 


and polytef-coated bar a t  a speed sufficient to produce a vortex without 
entrainment of air bubbles. Stock pectin and gelatin solutions of the same 
weight concentration were prepared by dispersing the colloids in cold 
water, stirring for 30 min in a water bath a t  45" and storing a t  5" for no 
more than 24 hr before use. Appropriate weights of stock solutions of the 
same concentration were individually to the mixing pH with 
1.0 N NaOH a t  45' to give the desired pectin to gelatin ratio. The gelatin 
solution was added to the pectin solution with stirring, and after 2 min 
the pH was lowered by fast addition of 0.5 N HCI to pH 5, then by slower 
addition of 0.5 N HCI until the desired pH, was reached. The batch was 
stirred for 30 min then 5 ml of 37% (w/w) HCHO was added with stirring. 
After 30 min of stirring under ambient conditions, the batch was covered 
with paraffin film and allowed to stand for 15-20 hr. The batch was then 


The complex ionic relations of the gelatin-acacia coac- 
ervate system have been established and reported previ- 
ously (1-3) and have been used successfully in the mi- 
croencapsulation of solids as well as liquids (4-10). Until 
recently (91, it was difficult to control the morphological 
characteristics of and recover a free-flowing powder of 
unagglomerated microglobules which were spontaneously 
dispersible in aqueous solutions. Therefore, it seemed 
desirable to develop a complex coacervate system from 
pectin and gelatin capable of yielding spherical globules 
of a uniform size that could be controlled for possible ap- 
plication as a pharmaceutical delivery system in parenteral 
or other products. 


Although complex coacervation of the gelatin-pectin 
system was initially reported by Bungenberg de Jong (1) 
and employed as the basis of one patent in 1966 (ll), the 
system has apparently received no further attention until 
this study. Studies of pectin-albumin (12) and pectin- 
polyethylenimine (13) have, however, been reported. This 
study was, therefore, undertaken to evaluate and charac- 
terize the fundamental complex ionic relations between 
the amphoteric protein, type A gelatin, and the low 
equivalent weight anionic colloid, pectin, with special 
emphasis on the effects of pH of coacervation (pH,), 
mixing pH (pH,), colloid ratio, and solution concentration 
on microglobule morphology, size, percent yield, and re- 
covery technique yielding a free-flowing powder which was 
redispersible in water. 


EXPERIMENTAL 


Materials-Type A gelatin' and pectin, NF', were used in solutions 
containing 1% (w/w) benzyl alcohol for preservation. Formaldehyde so- 
lution, USP, glycerin, 99.6%, and isopropyl alcohol, 99%. were used in the 
recovery of microglobules in dry powder form. These and other reagents 
were of analytical reagent grade and were used as received. 


Preparat ion and Recovery of Coacervates-Coacervates were 
prepared a t  45" from 40.0-g batches stirred by means of a magnetic stirrer 


275 Bloom, isoelectric point 8.6, Fisher Scientific Co., Fair Lawn, N.J. 
Sunkist Growers Inc., Ontario, Calif. 
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Figure 1-Coacervate yields versus pH, for isovolumetric (20 ml) 2% 
(w/w) gelatin and pectin solutions a t  pH, 9.0. Key: 0, yield in milliliters 
after centrifugation a t  2000 rpm for 60 min; A, yield of recovered dry 
microglobules, grams. 


Beckman Century SS-1 pH meter, Reckman Instruments, Fullerton, Calif. 
Miniature glass 476031 and calomel 476017 electrodes. Corning Scientific 


Products Co., Medfield, Mass. 
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Table I-Effect of pH, on Diameter of Spherical  Microglobules 
Produced from Isovolumetric Coacervates of 2% (w/w) Pectin 
(20 ml) and Gelatin (20 ml)  Solutions Adjusted to pH, 3.8 a t  45" 


7 0  


60 


3 


J 
w -  
t 
w 
I- 40-  
Q > 
5 -  
W 
0 


0 30 
V 


0- 50 


a 


DH, 


- 
- 
- 
- 


- 
I- 


Diameter of Microglohules, 
5 g m  


c 


3.80 
5.85 
6.51 
6.98 
8.06 
9.01 
9.49 


10.04 


0.5 
1.1 
1.4 
2.0 
3.9 
5.4 
7.3 


10.0 


stirred to resuspend any sedimented microglobules, and 40 g of the sus- 
pension was centrifuged at  1000-2000 rpm for 15-60 min, depending on 
microglobule size and morphology. The supernate was then decanted. 
The microglobules were resuspended in 5 ml of glycerin with a vortex 
mixer and 35 ml of isopropyl alcohol or other flocculating agent was slowly 
added while mixing. The flocculated microglobules were then filtered 
using a Buchner funnel and filter paper5, washed with two 100-ml por- 
tions of isopropyl alcohol and dried for 15-20 hr in an oven a t  36 *lo. 


Effect of Colloid Concentration-Pectin and gelatin solutions of 
1.0, 1.5,2.0,2.5, and 3.0% (w/w) concentration were used. Batches were 
prepared by combining 20-g portions of each solution in order to give a 
colloid ratio of 1:I (w/w). Coacervation was carried out for three pH, 
values, 8.0,9.0, and 10.0, over a pH, range of 5.0-2.6, and evaluated for 
weight percent yield and microglobule morphology a t  lOO0X under a 
microscope. 


Effect of Colloid Ratio-Pectin to gelatin colloid ratios >1:1 were 
not studied because the average size of microglobules produced was <1 
pm and, consequently, difficult to recover in dry form. The pectin-gelatin 


"\ 
1.0 1.5 2.0 2.5 3.0 


SOL CONCENTRATION, % (w/w) 


Figure  2-Coaceruate yield versus solution concentration for isograv- 
imetricgelatin and pectin solutions adjusted to  p H ,  oalues of 8.0,9.0, 
and 10.0 and coacervated to p H ,  3.5. Key: 0 ,  p H ,  = 8.0; 0, p H m  = 9.0; 
A, p H ,  = 10.0. 


Whatman No. 3, Whatman. Ino., Clifton. N.J 


I 
i; 


\ 


101 I I I 1 I I I J  
2.5 3.0 3.5 4.0 4.5 


PHC 


Figure 3-Coaceruate yield (left ordinate) and microglobule diameter 
(right ordinate) versus p H ,  for isogravimetric (20 g) 2'16 (wlm) gelatin 
and pectin solutions adjusted t o  p H m  values of 8.Q9.0, and 10.0. Key: 
0, p H m  = 8.0; 0, p H ,  = 9.0; A, p H m  = 10.0. 


ratios studied, a t  a 2% (w/w) total colloid concentration, were 15,25,30, 
33,40, and 50% pectin fractions of total colloid. Coacervation was carried 
out according to the pH, and pH, conditions listed above. Microglobule 
morphology and weight percent yield were evaluated. 


Effect of Additives on Recovery-Batches weighing 40.0 g were 
prepared from 2.09'0 (w/w) solutions to give a pectin-gelatin mixing ratio 
of 33:67%, and adjusted to a pH, of 10.0 and pH, of 4.5. 


Glycerin volumes of 5, 10, 15,20, 25, and 30 ml were slowly added to 
individual batches while mixing, with stirring a t  45' after achieving pH, 
4.5. 


Volumes of 37% (w/w) HCHO (adjusted to pH 5.0) of 2.5,5.0,7.5,10.0, 
12.5, and 15.0 ml were added to individual batches at 20" after achieving 
pH, 4.5. The effect of formaldehyde treatment time was determined by 
adding 15 ml of 37% (w/w) HCHO and stirring for 1, 3,7,9,12,24,36, and 
54 hr. 


Glycerin, propylene glycol, polyethylene glycol, 50% (v/v) isopropyl 
alcohol in distilled water, and distilled water were evaluated as redis- 
persing media. Volumes of 5 ml of each were added to individual batches 
after centrifugation and decantation of the supernate. 


The effect of various water miscible flocculating agents was determined 
by adding to individual batches 35 ml of isopropyl alcohol, 1-propanol, 
ethanol, methanol, and acetone. 


All batches studied for the effect of additives on recovery were evalu- 
ated as to their dry product characteristics, such as coherence and fria- 
bility, and redispersibility in distilled water. 


RESULTS AND DISCUSSION 


Until the effect of pH, was elucidated, previously reported complex 
coacervation procedures, particularly for the gelatin-acacia system, were 
applied to the gelatin-pectin system with little success. Some results of 
this exploratory phase are summarized in Table I. As reported previously 
(14), mixing of isohydric solutions (pH 3-4) does not change tbe system 
pH significantly, a fact demonstrated in this study but also one that 
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Figure 4-pHC of maximum microglobule yield versus total colloid 
concentration in pectin-gelatin (1: l )  coaceruates prepared from solu- 
tions adjusted t o  p H ,  values of 8.0, 9.0, and 10.0. Key: 0, p H ,  = 8.0; 
0, p H ,  = 9.0; A p H ,  = 10.0. 


yielded such small globules as to he hardly resolvable under the micro- 
scope a t  1000X. The method of Luzzi (4), mixing of isohydric (pH 6.5), 
isovolumetric solutions then adjusting the pH of the mixture with acid 
to the desired endpoint (pH 3.8), resulted in a marked increase in globule 
diameter to -1 pm. The method of Newton (9), mixing of isovolumetric 
solutions, gelatin (pH 10) and pectin (pH 3.6), then adjusting the pH of 
the mixture with acid to the desired endpoint (pH 3.8), gave comparable 
results. These results suggested the possible involvement of the mixing 
pH in the control of microglobule size which was confirmed in a series 
of experiments where isohydric, isovolumetric solutions were adjusted 
l o  pH 7.0,8.0,9.0,9.5, and 10.0 before mixing and coacervation to pH 3.8. 
The mean globule size increased from 2 to 10 pm as the mixing pH was 
increased from 7-10 (Table I). 


Volume measurements of coacervate phases were impractical due to 
the noncoalescence of the globules into a continuous phase. A comparison 
of sediment volume of microglobules after centrifugation with yield based 
on dry weight as a function of pH, is given in Fig. 1. The increasing 
sediment volume a t  pH,. <3.4 is attributed to a change in morphology 
from globular to elliptical particles having a lower packed density and 
greater hydration. Therefore, dry weight recovery was adopted to measure 
microglobule yields in all subsequent experiments. 


Effect of Colloid Concentration-The results of studies to determine 
the effects of total colloid concentration on coacervate yield for solutions 
having equal concentrations of pectin and gelatin showed that maximum 
yield was obtained a t  a total colloid concentration of -2% (w/w) for the 
mixing of isohydric, isogravimetric solutions coacervated to pH, 3.5 (Fig. 
2). The increasing efficiency of coacervation with increasing total colloid 
concentration up to a maximum of -2.0% probably resulted from in- 
creased reactivity of the gelatin and pectin linear molecules as the forces 
of intramolecular aggregation limiting their movement were minimal. 
Above 2% (w/w).of total colloids, the decreasing efficiency of coacervation 
arises from an increasing salt or gegenion (e .g . ,  Na+, Ca2+, C1-) concen- 
tration which insulates the oppositely charged colloids, suppressing 
coacervation and increasing the mutual solubilities of the coacervate and 
equilibrium solution phases (14). 


Figure 3 shows the relationship for the 2% colloid concentration be- 
tween percent yield6 and microglobule morphology as a function of pH, 


Expressed as percent (w/w) of the total mass of pectin and gelatin in the roac- 
ervate system. 


Table  11-Effect of Glycerin on the Morphology and Powder 
Characterist ics of Pectin-Gelatin Microglobules Recovered 
from Coacervate Systems Prepared from 2% (w/w) Pectin- 
Gelatin (33:67) at pH, 10.0 and PH,. 4.5 


Recovered Microglobule Characteristics 
Glycerin, Dimension, Product 
%, w/wa Morphologyh pm' Characteristics 


0 S 11 C 
13.5 S 14 C 
25.1 S 12 C 
31.9 S 13 C 
49.1 E 22 F 
56.1 E 20 F 
72.4 E 21 F 


Percent by weight ol'coacervate system after achieving pH, 4.5. * S-spheres; 
E-ellipsoids. l' Maximum dimension 0 1  largest particle in field of view at IOOOX 
magnificatir)n. d C, roarse powder; F, fine, light powder; both sp~)ntaneously re- 
vertihle to individual units in aqueous suspension. 


for pH, values of 8.0,9.0, and 10.0. Microglobule size increased as the 
pH, decreased, until the maximum yield was reached, a t  which point the 
shape was transformed from spherical to ellipsoidal or amorphous. 


The dependence of microglobule size on pH, a t  fixed pH, likely arises 
from the fact that  as the pH,. is lowered, the relative ratio of pectin to 
gelatin increases in the coacervate. Furthermore, the more intense 
complex ionic relations of the pectin-gelatin uersus the acacia-gelatin 
system would cause a greater coacervate reduction in the water content 
of the coacervate and a total coacervate colloid concentration >lo%, a 
value reported for the gelatin-acacia system (15), thereby affecting 
droplet size and solubility'. 


As the system is adjusted to lower pH,, the number of anionic charges 
on pectin decreases while the number of cationic charges increases on 
gelatin, resulting in more and more pectin being required for an equiva- 
lent uhion with gelatin. Therefore, at high pH, values, the combination 
of both a high total colloid concentration and a low pectin-gelatin ratio 
in the coacervate resulted in stabilization of the coacervate drops as a 
result of a high viscosity and partial gelling of the microglobules pre- 
cluding their coalescence. As the pH, was lowered, the pectin-gelatin 
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Figure 5-C'oaceruate yield versus pectin-gelatin and pectin solutions 
adjusted t o  p H ,  values of 8 0 , 9  0, and 10 0 and coacervated to  p H ,  3,5 
K e v  0, p H ,  = 8 0, 0, p H ,  = 9 0, A,  pH, ,  = 10 0 


The lower the equivalent. weight of anionic colloid the higher is its charge density 
and, thus. the stronger are its complex ionic relatinns with cationic gelatin. The 
equivalent weights of acacia and pectin (pectate) are 1200 and 200, respectively (1, 
15). 
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Figure 6-Coacervate yield (left ordinate) and microglobule diameter 
(right ordinate) versus pH,  for coacervate systems prepared from a 33:67 
gravimetric ratio of 2% (wlw) pectin and gelatin solutions, respectively, 
adjusted to p H ,  values of 8.0,g.O and 10.0. Key: 0, p H ,  = 8.0; 0, p H ,  
= 9.0; A, p H ,  = 10.0. 


ratio in the coacervate increased allowing microglobule growth to proceed 
further before an equilibrium sphere occurred at  a higher equilibrium 
size. 


Microglobule size increases with decreasing pH, and with increasing 
pectin-gelatin ratio in the coacervate, probably as a result of increasing 
coacervate viscosity until the stabilizing forces become too weak to pre- 
vent deformation of the microglobules by the stirring forces. This results 
in ellipsoidal particles which cannot readily return to the spherical state 
because of their very viscous and gel-like state and finally amorphous 
particles as a result of agglomeration and partial coalescence of ellipsoidal 
particles. The microglobules are further stabilized from coalescing into 
a single phase by the anionic charge they acquire as they form above the 
optimum pH,. As for the gelatin-acacia system (16), as the PH, is low- 
ered, the net charge on the microglobules remains negative because of 
the predominance of dissociated carboxylate groups on pectin and gelatin 
as opposed to cationic amino groups on gelatin. 


The pronounced effect of pH, on microglobule morphology is probably 
related to the pectin-gelatin ratio in the coacervate and the gegenion 
concentration. I t  has been reported that pectin molecules in solution exist 
in a high state of aggregation in solutions >0.1%, as a result of suppressed 
ionization of carboxyl groups (17). I t  was found through titration and pH 
versus viscosity studies of 2% solutions a t  45' that some carboxyl groups 
are not readily ionizable until pH 7.5, above which such solutions show 
a sharp decrease in viscosity, which can be attributed to  increased re- 
pulsive forces tending to further lower the degree of aggregation. 
Therefore a t  pH, 8.0 in 2% (w/w) solutions, the reactivity of pectin with 
gelatin is limited by the higher degree in intramolecular aggregation as 
compared to that a t  higher pH,, i .e.,  9.0 or 10.0. Subsequently, this re- 
sults in a lower pectin-gelatin ratio a t  pH,. As the pH, is raised >8, 
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Figure 7-pHC of maximum yield versus pectin weight fraction of total 
colloid in coacervates prepared from 2% (wlw) gelatin and pectin so- 
lutions adjusted to p H ,  values of 8.0,9.0, and 10.0. Key: 0, p H ,  = 8.0; 
0, p H ,  = 9.0; A, p H ,  = 10.0. 


deaggregation of pectin increases, permitting more pectin molecules to 
react with gelatin molecules and microglobules and higher yields. 


Figure 4 indicates that as the solution concentration increases, the pH, 
of maximum coacervation decreases; an observation also made previously 
(14) for gelatin-acacia coacervates. Again, as the concentration of solu- 
tions increases, so does that of the accompanying gegenions which sup- 
press coacervation. Hence, pH, must be lowered to increase the cationic 
charge on gelatin, while causing a smaller decrease in the anionic charges 
on both pectin and gelatin. 


As expected, there was a linear relationship between the volume of 0.5 
N HCl added and pH,, verifying that the complex ionic relations between 
pectin and gelatin were stoichiometric and rapid (9, 18). 


Effect of Colloid Ratio-On the basis of results obtained in studies 
of the optimum total colloid concentration to maximize microglobule 
yield, 2% (wlw) was used in evaluating the effect of varying pectin-gelatin 
ratios of 1585,25:75,33:67,40:60, and 5050. Figure 5 indicates that  the 
maximum yield was obtained a t  a colloid ratio of pectin-gelatin (33:67) 


Table 111-Flocculation Rates  by Four  Alcohols and Acetone of 
Coacervate Microglobules Prepared from 2% (w/w) Pectin- 
Gelatin (33:67) at pH, 10.0 a n d  pH, 4.5 


Relative 
Flocculating Flocculation Product 


Agent Raten Characteristics* 


1-Propanol 5 C, D 
Isopropyl alcohol 4 C, D 


3 G ,  N Ethanol 
Methanol 2 F, N 
Acetone 1 F. N 


Rate increases from 5 t o  1. * C, coarse powder; I), spmtaneouslg tliipersihle 
to individual spheres in water; G ,  granular powder; N. not dispersible as individual 
spheres in water; F. fused filter cake mass 


Journal of Pharmaceutical Sciences I 631 
Vol. 71, No. 6, June 7982 







Figure 8-Pectin-gelatin microglobules having nominal diameters of 
5,10,20, and 30 pm. 


for the mixing of isohydric solutions coacervated to a pH, of 3.5. The 
percent yields of microglobules ranged from -70-80% of total colloids 
available, indicating a high reactivity in the complex coacervate 
system. 


The fact that a t  a 15% pectin fraction the maximum yield was higher 
than expected is misleading because the microglobules or amorphous 
particles obtained were highly vacuolated, containing uncoacervated 
colloid-rich liquid, referred to as hollow spheres (19). 


Figure 6 demonstrates the relationship for 2% (w/w) solutions between 
percent yield, microglobule diameter, and pH, for pectin-gelatin colloid 
ratios of 33:67 at  pH, values of 8.0,9.0, and 10.0. The microglobule di- 
ameter increased by -3.3 pm/O.l pH unit decrement, i.e., from 20-40 pm 
as pH, was lowered from 4.0 to 3.6 a t  pH, 10.0. Microglobule diameter 
increased proportional to increasing pH, and decreasing pH, probably 
for the same reasons previously discussed. At pH < pH, of maximum 
yield, the globules became elliptical and amorphous. 


Figure 7 shows that as the pectin fraction increased in coacervate 
systems of 2% (w/w) colloid concentration, the pH, of maximum coa- 
cervation decreased from pH, 8.0,9.0, and 10.0. 


Figure 8 shows typical microglobules having nominal diameters of 5, 
10, 20, and 30 pm demonstrating control of microglobule size and the 
ability of spontaneously reverting to a polydisperse system like that of 
the gelatin-acacia microglobules in a figure from a study published 
previously (9). 


Effect of Additives on Recovery-The effect of glycerin added to 
coacervate systems at  45O after achieving pH, is shown in Table 11. With 
the addition of 249% (w/w) glycerin, ellipsoidal particles were obtained, 
a possible result of partial dehydration of the pectin and gelatin molecules 
in the coacervate and of increased intramolecular association, resulting 
from the decreasing dielectric constant of the system. A similar result 
was found with gelatin-acacia coacervates where from 23 to 41% (v/v) 
of glycerin yielded nonvacuolated, spherical microglobules, but >44% 
(v/v) glycerin resulted in vacuolated ellipsoids (20). In the pectin-gelatin 
system, glycerin improved the fineness of the dry recovered powder, but 
had no apparent effect on the dispersibility of the microglobules in 
water. 


The results of formaldehyde treatment of the microglobules showed 
that a t  least 10 ml of 37% HCHO, preferably 15 ml, per 40-g batch pre- 
pared from 2% (w/w) pectin-gelatin solutions (33:67) was required to 
obtain microglobules in dry powdered form spontaneously revertible to 
a dispersed suspension in water. This result was comparable to that for 
gelatin-acacia microglobules (9). A minimum formaldehyde treatment 
time of 9 hr was required to obtain redispersible microglobules prepared 
by the previously mentioned conditions. 


Glycerin, propylene glycol, and polyethylene glycol were equally sat- 
isfactory as redispersing media for the formaldehyde treated, unfloccu- 
lated, sedimented microglobules. Water and 5070 (vh )  isopropyl alcohol 
yielded a finer dry powder, but the rate of filtration of the centrifuged 
sediments was unacceptably lengthened. 


The flocculation rates of the microglobules, by 35-ml portions of four 
aliphatic alcohols and acetone added to the centrifuged sediments of 
microglobules (-3-4 ml, Fig. 1) resuspended in 5 ml of glycerin after 


preparation from 2% (w/w) pectin and gelatin solutions according to 
previously specified conditions, are described in Table 111. Flocculation 
by only I-propanol and isopropyl alcohol elicited microglobules spon- 
taneously dispersible in aqueous suspension, whereas ethanol, methanol, 
and acetone resulted in filter cakes which were not revertible to sus- 
pensions of individual microglobules in water. Although these results 
corroborate those for gelatin-acacia (9) and gelatin (21) coacervate 
products, there is no readily discernible relationship, e.g., with dielectric 
constant, t8. The greater dehydration of pectin and some remaining hy- 
drophilic groups on gelating by ethanol, methanol, and acetone, resulting 
from their stronger hydrogen bonding affinity for water, could explain 
the apparent intramolecular-intermolecular colloid aggregation and the 
failure of the microglobules to disperse as individual units upon sus- 
pension in water. 


CONCLUSIONS 


Based on these studies, i t  was possible to recover microglobules of 
controlled and uniform diameter from complex coacervates of pectin- 
gelatin by regulating the concentrations of pectin and gelatin solutions, 
pH,, pH,, and the pectin-gelatin ratio as well as certain additives. The 
spherical microglobules so obtained are spontaneously revertible to a 
dispersed system upon suspension of the powdered products in aqueous 
solutions. 
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Abstract The pharmacokinetic profile of progabide was investigated 
in five chronically catheterized male rhesus monkeys. The experimental 
design included single-dose intravenous bolus and oral administration 
a t  two dose levels (50 and 100 mg) and zero-order intravenous infusion 
for 7 days. Plasma samples were analyzed by electron-capture-GLC. 
Protein binding of the drug was determined by equilibrium dialysis (4'). 
A one-compartment open model with monoexponential decay was pro- 
posed to describe the pharmacokinetics. The mean parameters ( fSEM)  
of the 50- and 100-mg iv bolus were: total body clearance, 2.09 (f0.15) 
and 1.53 (f0.18) liter/hr/kg; half-life, 0.656 (f0.054) and 0.789 (f0.079) 
hr; distribution volume, 1.97 (f0.08) and 1.79 (f0.21) literkg. Progabide 
was highly bound to plasma proteins and also to erythrocytes. The drug 
was rapidly absorbed (TmaX < 1 hr a t  both doses). The mean bioavail- 
ability was attributed principally to a first-pass effect. In the constant 
rate infusion study, systemic clearance was larger than that of the single 
dose studies. 


Keyphrases 0 Progahide-pharmacokinetics in rhesus monkeys, plasma 
bioavailability Bioavailability-pharmacokinetics of progabide in 
plasma of rhesus monkeys Pharmacokinetics-bioavailability of 
progabide in plasma of rhesus monkeys Electron-capture-GLC- 
determination of progabide in rhesus monkey blood plasma, bioavail- 
ability, pharmacokinetics 


Progabide' is a new y-aminobutyric acid-mimetic drug 
with a broad spectrum of anticonvulsant activity (1-6). 
Progabide was designed to be a carrier of y-aminobuty- 
ramide into the central nervous system where it would be 
broken down and release y -aminobutyramide. 


The present study was undertaken to characterize the 
pharmacokinetic behavior of progabide in the rhesus 
monkey in view of its efficacy testing in the chronic epi- 
leptic monkey model. 


EXPERIMENTAL 


Five healthy male rhesus monkeys (Macaca mulatta) (2.7-3.8 kg) were 
used in this study. The monkeys were maintained on fresh fruits and 
monkey chow and chaired for the duration of the study. Each monkey 
had two chronic catheters, one for drug administration (femoral vein) 
and one for blood sampling (jugular vein). The experimental design in- 
cluded single-dose and chronic administration studies. In the single-dose 
studies, each monkey received 50 or 100 mg of the drug intravenously and 
orally in a randomized fashion. The drug was dissolved in 100% poly- 
ethylene glycol 40O2 at  concentrations of 25 and 50 mg/ml. Two milliliters 
of this solution was injected over 5 min through the femoral vein or ad- 
ministered by intranasal gastric intubation. Fourteen (50-mg dose) or 
15 (100-mg dose) blood samples were collected over a 5-6-hr period. 
Ethylenediaminetetraacetic acid tripotassium salt was used as an anti- 


SynthClaho-L.E.R.S., Paris, France. 
J.  T. Baker Chemical Co., Phillipshurg, N J  08865. 


coagulant, and the blood samples were stored in ice. They were centri- 
fuged a t  4' and the separated plasma was frozen immediately. The 
samples were kept frozen until assayed. Some blood samples were also 
frozen to determine the blood level of the drug and the total blood 
clearance in each monkey. 


I 


transport  act ion --- 
fYoH 


I 
c1 


0 
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The chronic administration studies consisted of constant rate intra- 
venous infusion for 7 days. The drug was dissolved in 80% polyethylene 
glycol 400 a t  a concentration of about 3 mg/ml (1.91-3.84 mg/ml), and 
the infusion rate was 1 ml/hr. Blood samples were collected during the 
accession to steady state (0-6 hr), on a daily basis during steady state, 
and during the post steady-state decay phase. 


Protein binding of progabide was measured by equilibrium dialysis 
a t  4' to minimize the degradation of drug in plasma. A volume of 0.7 ml 
of pooled monkey plasma, and an equal volume of isotonic phosphate 
buffer system (pH 7.41, were used. The dialyzing system consisting of 
plexiglass cells was rotated a t  a rate of 10 rev/min for 12 hr. The dialysis 
was carried out with spiked plasma samples with concentrations ranging 
from 0.4 to 34.6 pg/ml (determined postdialysis). The drug on both sides 
of the membrane was analyzed by electron-capture-GLC. 


Progabide concentrations were determined by the method of Gillet 
and Dring3 using a GLC equipped with electron-capture detector4. The 
column consisted of 3% OV-17 on Chromosorb W-HP (column length 
was 184.3 cm and 2-mm i.d.). Temperatures of detector, injection port, 
and oven were 300,250, and 240°, respectively. An analog of progabide, 
[a-(chloro-4'-phenyl)chloro -5- hydroxy-2-benzylideneamino]-4-butyr- 
amide, was used as the internal standard. 


Areas under intravenous and oral curves were calculated by the trap- 
ezoidal method (with extrapolation to infinite time). Systemic clearance 
was determined by dose-area ratio. Oral bioavailability was calculated 
by ratio of oral and intravenous areas. 


Unpublished method, 1978. 
Model 5710A. Hewlett-Packard. Palii Alto. CA 94304. 
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by the proximal tubular active transport mechanism, and drug-drug 
interactions may result from competition with this system. Since tola- 
zamide and oxyphenbutazone are weakly acidic drugs, they might com- 
pete for active secretion by the proximal tubular active transport 
mechanism. The hypoglycemic action of acetohexamide is enhanced by 
the simultaneous administration of phenylbutazone by the same me- 
chanics (8). Similarly, the hypoglycemic action of tolbutamide is en- 
hanced by the presence of phenylbutazone (9). The value of @ for tola- 
zamide seems to decrease with increasing oxyphenbutazone, which could 
result in an enhanced hypoglycemic effect of tolazamide. 
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Abstract  The bioavailability of chlorothiazide from oral tablets was 
examined under fasting and nonfasting conditions in healthy male vol- 
unteers. Bioavailability was determined from urinary excretion data and 
plasma chlorothiazide concentrations. Two fasting treatments and one 
nonfasting treatment yielded similar plasma chlorothiazide profiles, 
characterized by sharply ascending and descending segments until 12-13 
hr postdosing, followed by a prolonged period with variable and erratic 
chlorothiazide levels. A triexponential function that adequately described 
mean data from each treatment could not be applied to individual plasma 
curves because of their variable nature. Chlorothiazide absorption was 
not influenced by different accompanying water volumes in fasted in- 
dividuals but was doubled when tablets were administered immediately 
after a standard meal. Urinary excretion of chlorothiazide correlated well 
with plasma drug concentrations; 48-hr urinary recovery accounted for 
24.7% of a 500-mg dose in nonfasted subjects compared to 12.3 and 14.9% 
in fasted subjects receiving the drug with 20 and 250 ml of water, re- 
spectively. Observed relationships between chlorothiazide dosage and 
absorption efficiency are consistent with previous suggestions that 
chlorothiazide absorption from the GI tract is saturable and site spe- 
cific. 


Keyphrases 0 Chlorothiazide-effect of food and fluid volume on 
bioavailability, plasma and urinary excretion methods compared 
Bioavailability-chlorothiazide, effect of food and fluid volume, plasma 
and urinary excretion methods compared Diuretics-chlorothiazide, 
influence of food and fluid volume on bioavailability, plasma and urinary 
excretion methods compared 


Chlorothiazide is poorly absorbed after oral doses. Less 
than 25% of orally administered compound is recovered 
in urine, compared to >90% following intravenous injection 
(1-4). Inefficient GI absorption of chlorothiazide may be 
partly due to its low aqueous solubility but also may be 
related to saturable and site-specific absorption (5,6). 


The presence of food and the variation in fluid volumes 
with which a drug is administered can markedly influence 
drug bioavailability (7-9) with possible clinical conse- 


quences (10). The poor and possibly site-specific absorp- 
tion characteristics of chlorothiazide make it conducive 
to a bioavailability study under varying dosage condi- 
tions. 


This report describes chlorothiazide bioavailability 
following oral doses of commercial tablets to healthy male 
volunteers in fasting and nonfasting states and with small 
and large accompanying water volumes. Plasma concen- 
trations and urinary excretion of chlorothiazide were 
compared using recently described high-pressure liquid 
chromatographic (HPLC) procedures (11). 


EXPERIMENTAL 


Subjects-Nine healthy male volunteers’, 22-33 years of age (mean 
27) and weighing 62-88 kg (mean 74), participated in the study after 
giving informed consent. No subject had histories of drug allergy. 


Protocols-Subjects were instructed to take no drugs for 1 week before 
the study and no drugs other than chlorothiazide during the study. No 
caffeine-containing beverages were permitted for 1 day before or during 
the plasma and urine sampling periods following each chlorothiazide 
dose. 


Chlorothiazide2 was administered as three oral treatments: Treatment 
A, two 250-mg tablets with 250 ml of water following an overnight fast; 
Treatment B, two 250-mg tablets with 20 ml of water following an over- 
night fast; and Treatment C, two 250-mg tablets with 250 ml of water 
given immediately after a standard breakfast (cornflakes with milk, 150 
m l ( 5  oz) orange juice, two poached eggs, two slices of toast, and one cup 
of caffeine-free coffee). 


Subjects were randomly divided into three groups of three, and the 
treatments were administered according to a 3 X 3 Latin square design 
a t  I-week intervals. Each treatment was given after an overnight fast; 
no food, apart from the standard breakfast for those receiving Treatment 
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Chlorothiazide tablets USP (250 mg), lot 559-197, Lederle Laboratories, 
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Figure 1-Mean plasma concentrations (@) and urinary excretion rates 
(0) of chlorothiazide following Treatment A. Error bars indicate one 
standard deviation. 


- 10jr 
E 


a -  


. 
m -  


5 
4 
n. 
z 
0 
I 


a s 
r 


102: 
N 


I 
k 
0 


0 


C, was permitted until 4 hr after each chlorothiazide dose, after which 
time normal eating and drinking were permitted. 


On the morning of each treatment, 250 ml of water was ingested on 
rising, a t  least 1 hr before dosing. Chlorothiazide was administered a t  8 
am. Tablets were swallowed whole, without chewing. 


Blood samples (10 ml) were taken from a forearm vein into vacuum 
tubes? containing heparin as anticoagulant immediately before and then 
serially to 48 hr after dosing. Urine was collected immediately before and 
then quantitatively a t  intervals up to 48 hr after dosing. Plasma was 
separated by centrifugation, and plasma and urine samples were stored 
a t  -20' until assayed, generally within 2 weeks. 


Analytical-Concentrations of chlorothiazide in plasma and in urine 
were determined by the HPLC methods described previously (11). The 
methods, both involving extraction steps prior to chromatography, are 
linearly sensitive to chlorothiazide concentrations of 2-100 pg/ml in urine 
and 10-750 ng/ml in plasma with coefficients of variation of <lO% within 
these concentration ranges. The occasional plasma samples that con- 
tained chlorothiazide concentrations of >750 ng/ml were appropriately 
diluted with water and reassayed. Dilution with water had no effect on 
the extraction efficiency of chlorothiazide or the internal standard. 


Data Analysis-The irregular nature of plasma chlorothiazide curves 
in individual subjects precluded data description in terms of a general 
mathematical function. However, the means of plasma curves obtained 
from each treatment were fitted to a triexponential function using 
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Figure 2-Mean plasma concentrations (@) and urinary excretion rates 
(0) of chlorothiazide following Treatment B. 
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Figure %Mean plasma concentrations (@) and urinary excretion rates 
(0) of chlorothiazide following Treatment C.  


standard graphical procedures. Improved parameter estimates, together 
with statistical analysis, were obtained using the computer program 
NREG (12) on a digital computer'. 


Plasma and urine data from the three treatments were compared by 
analysis of variance for a crossover design. Differences between individual 
treatments were examined by Tukey's test (13). 


Reagent.-Human plasma for assay standardimtion was purchased5. 
Human drug-free urine was obtained from male donors as required. 
Chlorothiazide6, hydrochlorothiazidef, and hydroflumethiazide' of ref- 
erence standard quality for chromatography and methanolR, acetonitriP, 
acetic acidg, sodium perchlorate'O, and perchloric acid" of analytical 
grade quality were used as received. 


RESULTS 


Plasma Chlorothiazide Levels-The mean plasma chlorothiazide 
levels resulting from each treatment are shown in Figs. 1-3. For com- 
parison, the mean plasma curves are combined in Fig.4. 


The overall characteristics of the chlorothiazide plasma curves were 
similar for all treatments. Levels reached peak values at  2-3 hr and then 


I I 1 1  1 I _  I I 0 0  1 
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HOURS 


Figure 4-Mean plasma concentrations of chlorothiazide following 
Treatments A (- -), B (-), and C (-.-.). 


' Univac model 1110. Madison Academic Computer Center, Madison, Wis. 
American Red Cross, Madison, Wis. 


6 Merck Sharp and Dohme, West Point, Pa. 
Bristol Laboratories, Syracuse, N.Y. 
Burdick &Jackson. Muskegon. Mich. 


9 Allied Chemical Corp., Morristown, N.J. 
lo Fisher Scientific Co., Fair Lawn, N.J. 


J .  T. Raker Chemical Co., Phillipsburg, N.J. 
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Figure 6-Mean cumulative percentage of chlorothiazide dose excreted 
in urine following Treatments A (- -), B f-), and C (-.-.).Error bars 
indicate one standard deviation. 
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Urinary Excretion of Chlorothiazide-The mean cumulative ex- 


cretion of chlorothiazide during the 48-hr postdosing period is shown in 
Fig. 6. Following Treatment A, 8.6% of the administered dose was re- 
covered a t  12 hr, 9.8% a t  24 hr, and 12.3% a t  48 hr. Following Treatment 
B, recoveries a t  these times were 10.5,12.1, and 14.9%. respectively. In 


Figure 5-Plasma concentrations of chlorothiazide in one subject 
following Treatments A (- -), B (-), and C (- - - .). 


declined rapidly until 12-13 hr. At later sampling times, mean chlo- 
rothiazide levels declined more slowly. 


Despite the similarity in the plasma chlorothiazide profiles from the 
treatments, significant differences existed between treatments in the 
absolute values obtained. Chlorothiazide concentrations a t  each sampling 
time were statistically indistinguishable between the two fasting treat- 
ments, A and B. However, Treatment C gave rise to drug concentrations 
that were significantly higher compared to both fasting treatments a t  2, 
3,4,6,  and 8 hr and significantly higher than Treatment A alone a t  1.5 
hr and then Treatment B alone a t  12 hr. The mean peak chlorothiazide 
level from Treatment C (1107 f 577 ng/ml) was approximately twofold 
higher than the levels from Treatments A (513 f 205 ng/ml) and B (681 
f 214 ng/ml); the mean trapezoidal area under the plasma level versus 
time curve from 0 to 48 hr for Treatment C (6.4 f 2.5 pg/hr/ml) was also 
twofold larger than the areas for Treatments A (3.0 f 1.0 pg/hr/ml) and 
B (3.4 f 1.1 pg/hr/ml). The mean time of peak levels from Treatment C 
(3.7 f 2.1 hr) was significantly longer than those from Treatments A (2.0 
f 0.8 hr) and B (2.1 f 1.0 hr). 


Analysis of the mean chlorothiazide profiles in Figs. 1-4 in terms of 
a simple, triexponential function yielded the values in Eqs. 1-3 for 
Treatments A-C, respectively: 


C’ = -1627e-070t + 1526e-0 3st + 56.6e-0 (Eq. 1) 


C’ = -2626e-073f + 2547e-0 43t + 48.7e-0 OZgt (Eq. 2) 


C’ = -2914e-058t + 2658e-0 26t t 108e-0 046t (Eq. 3) 


In the equations, C’ is the plasma chlorothiazide concentration a t  time 
t. The coefficients of determination between mean plasma levels and 
those predicted from the respective equations were 0.97, 0.98, and 
0.95. 


The high coefficients of determination imply that chlorothiazide 
plasma levels may be adequately described by such a function following 
oral doses and that the mean terminal phase plasma half-life varic.1 from 
15 to 27 hr. Examination of individual chlorothiazide curves, however, 
shows that the apparent slow terminal elimination phase was largely 
artifactual, resulting from the averaging of individual data. Typical drug 
level curves for one subject are shown in Fig. 5. The steeply ascending 
and descending segments are well defined for all treatments, but drug 
levels during the post 12-hr period are erratic, exhibiting a “saw-tooth” 
effect. Thus, it was not possible to describe this section of the curve 
mathematically. 


If the sharply descending portion of the chlorothiazide concentration 
curve is considered separately, the mean half-lives obtained from this 
segment are 2.2 f 0.7,2.2 f 1.0, and 2.5 f 0.8 hr from Treatments A, B, 
and C, respectively. 


contrast, the recoveries from Treatment C were 20.3,22.3, and 24.7% at 
12, 24, and 48 hr, respectively. The recovery values from Treatment C 
were significantly higher than those from both fasted treatments a t  all 
urine sampling intervals. The urihary recovery of chlorothiazide from 
the fasting treatments was similar to values reported previously (3,4). 


The renal clearances of chlorothiazide, calculated by dividing the 
quantity of drug recovered in 48-hr urine by the area under the chlo- 
rothiazide plasma curve during the same time period, were 3.56 f 1.07, 
37.3 f 1.06, and 3.46 f 11.0 ml/min from Treatments A, B, and C, re- 
spectively. The high renal clearance of chlorothiazide indicate that it is 
eliminated by both renal filtration and secretion. 


DISCUSSION 


Until recently, the low circulating levels of chlorothiazide following 
therapeutic doses prevented accurate description of its pharmacokinetics; 
bioavailability determinations were based on urinary excretion data (3). 
The recent development of a sensitive assay for chlorothiazide in plasma 
(6) has made it possible to examine the pharmacokinetics of chlorothia- 
zide in plasma and to compare quantitatively the plasma profiles and 
urinary excretion rates resulting from oral chlorothiazide doses. 


The plasma profiles obtained in the present study were similar to those 
reported by Shah et  al. (3). In their study, peak chlorothiazide plasma 
levels of 245 and 500 ng/ml were obtained in two subjects 3 hr after a 
500-mg tablet dose. Plasma levels during the 12-48-hr sampling period 
also exhibited a variable, saw-tooth effect. 


The cause of the variable chlorothiazide plasma levels during later 
sampling times is not clear but may be related to drug release from ex- 
travascular storage depots or to an enterohepatic cycling effect. I t  is a 
consistent phenomenon and occurred in every subject. 


The close similarity of plasma profiles and urinary excretion rates of 
chlorothiazide following the Treatments A and B indicates that, unlike 
some therapeutic agents (14-16), chlorothiazide absorption is not in- 
fluenced by the accompanying fluid volume when taken on an empty 
stomach. However, chlorothiazide absorption efficiency is doubled when 
taken immediately following a meal. 


The increased but delayed absorption of chlorothiazide in nonfasting 
individuals can possibly be explained in terms of an altered stomach 
emptying rate and saturable, site-specific absorption. Solid food delays 
stomach emptying (7) and is likely to reduce the rate a t  which chlo- 
rothiazide passes the absorption site and the drug concentration at  the 
absorption surface. These combined effects give rise to more efficient but 
somewhat slower drug absorption into the systemic circulation. Pro- 
pantheline bromide, a potent inhibitor of stomach emptying and intes- 
tinal motility, has been shown to increase GI absorption of chlorothiazide 
in dogs (5). Increased systemic availability in the presence of food, due 
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to nonsaturation of specific absorption sites, was demonstrated previously 
for riboflavin (17). 


Increasing the accompanying water volume in fasted subjects might 
be expected to increase the dissolution rate of chlorothiazide and to ac- 
celerate the stomach emptying rate (7). However, neither factor should 
markedly alter the absorption efficiency of chlorothiazide. Faster stomach 
emptying would increase the rate a t  which drug passes the active ab- 
sorption site and, hence, reduce its bioavailability. Faster dissolution 
should have little effect since chlorothiazide has been shown to be only 
25% bioavailable when dosed as an oral solution,(6). 


I t  is instructive to compare chlorothiazide plasma levels and urinary 
excretion as indicators of chlorothiazide bioavailability. The mean urinary 
recoveries of chlorothiazide from Treatments A, 3, and C were 12314.9, 
and 24.7% of the dose, respectively, while the respective areas under the 
plasma curves to 48 hr were 3.0,3.4, and 6.4 pg hr/ml, indicating excellent 
agreement between plasma and urine data. The overall correlation be- 
tween the percentage of dose excreted and the areas under the plasma 
level curves was 0.726 (p < 0.001), while the correlation between peak 
drug levels in plasma and percent excretion was somewhat lower a t  
0.480. 


Similarly, the mean ratios of the percentage of dose excreted between 
Treatments A and B, A and C, and B and C were 0.87,0.51, and 0.63; the 
equivalent ratios of areas under the plasma curves between these treat- 
ments were 0.92,0.47, and 0.57. 


To compare the kinetics of chlorothiazide recovery in urine with those 
of drug loss from plasma, the urinary excretion rates following the three 
treatments were calculated a t  the midpoint of each urine collection in- 
terval and the mean values were plotted along with the plasma levels in 
Figs. 1-3. Comparison of the curves indicates close similarity between 
the urinary excretion rates and plasma chlorothiazide levels throughout 
the entire sampling period. 


Chlorothiazide absorption, which is normally poor, is doubled by the 
presence of food. This fact, together with the insensitivity of chlo- 
rothiazide absorption to varying fluid volumes, supports the view that 
chlorothiazide absorption is saturable and occurs a t  a particular site in 
the GI intestinal tract (5, 6). For optimal absorption, chlorothiazide 
tablets should be taken with or immediately after meals. 
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Abstract  0 It is shown that in tray drying wet granulated materials, the 
expected log-linear plots give slopes that are inversely proportional to 
the bed depth, rather than to the depth squared. A model is proposed for 
this giving diffusion coefficents of the order of magnitude expected for 
liquid-water diffusion. The temperature dependence also suggests that 
this is the rate-limiting process rather than vapor diffusion. 


Keyphrases 0 Tray drying-wet granulated materials, mathematical 
models Models, mathematical-tray drying of wet granulated materials 
0 Granulations-tray drying, mathematical models 


The drying of granulations is an important pharma- 
ceutical operation and tray drying is a frequently used 
method of water removal. The way in which drying takes 
place from a tray (1-3) can be visualized in several ways. 
The drying could be a function of the individual granule 
rather than of the mass of granules, i .e.,  the bed. In that 
case, the bed thickness would not be a factor (in fluid bed 
drying it is not of great importance). However, bed thick- 
ness is important, and the drying is a function of the 
properties of the bed. In this case there are two possibili- 
ties: (a) either the movement through the void space be- 


tween the granules is important (i.e.,  the vapor diffusion 
is rate determining), or ( b )  the drying is primarily from the 
bed surface, and liquid movement up through the bed 
maintains a water concentration profile in the bed. 


BACKGROUND 


In the following discussion, the nomenclature outlined in Fig. 1 will 
be used. The bed is I-cm deep, has a porosity of c ( ix . ,  a solids fraction 
of (1 - c)). I t  has a cross-sectional area of A em2. The density of an an- 
hydrous granule is p gm/cm3. The wet granulation before drying contains 
C* g of moisture per g of anhydrous solid, and after drying contains c g 
of moisture per g of anhydrous solid. If c is the equilibrium concentration, 
then C* - c = CO is the initially removable moisture concentration, and 
C’ - c = C is the moisture concentration which is removable a t  time t .  
The latter is the quantity which will be dealt with in the following dis- 
cussion. Granules containing c g of moisture/g of anhydrous weight will 
be denoted dry. If x is a distance coordinate measured from the top of 
the bed (Fig. 11, then the diffusional equation governing the situation 
is Fick’s law, i.e., at time t :  


aciat  = Iiazc/aXz (Eq. 1) 


where D is the diffusion coefficient of water. Crank (4) solved this 
equation using the following boundary conditions: C = 0 a t  x = 0, for t 
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Abstract Bisbrusatolyl malonate, which was shown previously to be 
active against P-388 lymphocytic leukemia cell growth, was investigated 
for inhibitory effects on nucleic acid and protein synthesis. DNA and 
RNA synthesis as well as protein synthesis were markedly inhibited at 
10,25, and 50 pmole final concentrations in. uitro. The major sites of in- 
hibition of nucleic acid synthesis appeared to be DNA polymerase, 
messenger and transfer RNA polymerases, orotidine-5’-monophosphate 
decarboxylase, phosphoribosyl pyrophosphate amino transferase, and 
dihydrofolate reductase. Moderate inhibition of nucleotide kinase ac- 
tivities and oxidative phosphorylation processes occurred after drug 
treatment. Cyclic adenosine monophosphate levels were reduced. Protein 
synthesis was inhibited during the elongation step of peptide synthesis. 
The data suggested that bisbrusatolyl malonate interfered with the 
peptide bond formation. However, the ongoing polypeptide synthesis 
must be completed before the drug can bind to the ribosome effec- 
tively. 


Keyphrases 0 Bisbrusatolyl malonate-effects on P-388 lymphocytic 
leukemia cell metabolism 0 Antitumor agents-effects of bisbrusatolyl 
malonate on P-388 lymphocytic leukemia cell metabolism 0 RNA- 
synthesis, effect of bisbrusatolyl malonate, P-388 lymphocytic leukemia 
cells 0 DNA-synthesis, effect of bisbrusatolyl malonate, P-388 lym- 
phocytic leukemia cells Protein synthesis-effect of bisbrusatolyl 
malonate, P-388 lymphocytic leukemia cells 


Antineoplastic activity against P-388 lymphocytic leu- 
kemia growth was established previously for bisbrusatolyl 
esters (1,2). One of these derivatives, bisbrusatolyl malo- 
nate at 0.6 mglkglday ip, gave TIC 7% values of 271,197, 
and 188 in BDFl male mice (2) in a P-388 tumor model 
sensitive to quassinoids (2). This agent was shown to 
suppress in uitro DNA synthesis by 4596, RNA synthesis 
by 4893, and protein synthesis by 83% at 10 p M  concen- 
tration after 90 min incubation. A number of enzymes in- 
volved in nucleic acid metabolism, e.g. ,  DNA polymerase 
and dihydrofolate reductase, were inhibited in uitro by this 
ester (2). A detailed study of the effects of bisbrusatolyl 
malonate on P-388 lymphocytic leukemia cellular me- 
tabolism was conducted and its effects on nucleic acid and 
protein metabolism are now reported. 


EXPERIMENTAL 


Bisbrusatolyl malonate (I) was synthesized and characterized previ- 
ously in the literature (2). The P-388 lymphocytic leukemia tumor line 
was maintained in DBA/2 male mice (-20 9). For the in uitro studies, 


OH 


I 


P-388 cells were harvested from the peritoneal cavity 10 days after ad- 
ministering lo6 P-388 lymphocytic leukemia cells intraperitoneally into 
BDFl male mice (-20 g) on day 0 (3). In the in uiuo studies, BDFl male 
mice were inoculated with lo6 P-388 cells intraperitoneally, and on days 
7, 8, and 9 the mice were administered 0.6 mg/kg/day bisbrusatolyl 
malonate intraperitoneally. The biochemical studies were performed on 
cells harvested from the pekitoneal cavity on day 10. 


The in uitro incorporation studies (4) were conducted using 1 pCi 
[6-3H]thymidine (21.8 Ci/mmole), [6-3H]uridine (22.4 Ci/mmole), or 
[4,5-3H(N)]~-leucine (56.5 Ci/mmole) with lo6 P-388 cells in minimum 
essential medium, pH 7.2, in a total volume of 1 ml, incubated for 60 min 
a t  37O. Thymidine incorporation into DNA was terminated with per- 
chloric acid containing pyrophosphate which was filtered on glass fiber 
paper by vacuum suction. RNA and protein assays were terminated with 
trichloroacetic acid and collected on nitrocellulose membranes by vacuum 
suction. The acid-insoluble precipitates on the filter papers were placed 
in scintillation vials and counted. I n  uiuo thymidine incorporation into 
DNA was determined by injecting into the animal 10 pCi of [3H]- 
methylthymidine (24.7 Ci/mmole) intraperitoneally 1 hr before sacrifice. 
The DNA was isolated (5) and the I3H]thymidine content determined 
in scintillation fluid’ and corrected for quenching. The DNA concen- 
tration was determined by the diphenylamine reaction using calf thymus 
DNA as the standard. The results were expressed as dpm/mg of DNA 
isolated. Uridine incorporation into RNA was determined in an analogous 
manner with 10 pCi of [3H]uridine (20 Ci/mmole) and the RNA extracted 
(6). Leucine incorporation into protein was determined by the method 
of Sartorelli (7) with 10 pCi[3H]~-leucine (56.5 Ci/mmole). The control 
values for DNA synthesis were 202,098 dpm/mg of DNA, 235,360 dpm/mg 
of RNA for RNA synthesis, and 99,102 dpm/mg of protein isolated for 
leucine incorporation. 


On day 10 after in vivo administration of the drug, the number of tumor 
cells per milliliter and the 0.4% trypan blue uptake were determined with 
a hemocytometer (8). The in uitro UV binding studies were conducted 
with I (50 eg/ml) incubated with DNA (38 pglml) in 0.1 M phosphate 


Fisher Scintiverse. 
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Table I-In Vitro Effects of Bisbrusatolyl Malonate on Nucleic 
Acid and Protein Synthesis of P-388 Lymphocytic Leukemia 
Cells after 60-min Incubation 


% Control, whole cells 
DNA RNA Protein 


Synthesis Synthesis Synthesis 
~ ~~~~ 


Control (0.05% polysorbate 80) 100 f 6a 100 f 5b 100 f 5c 
Bisbrusatolyl malonate 


10 pM 5 8 ~ k 3 ~  7 8 f 5 d  5 2 ! ~ 6 ~  
25 p M  5 4 f 7 d  6 5 ~ k 6 ~  1 8 f 3 d  
50 p M  5 7 f 6 d  9 2 5 7  8 f 2 d  


% Control homogenized cells 
DNA RNA Protein 


Synthesis Synthesis Synthesis 


Control (0.05% polysorbate 80) 1 0 0 f 7  1 0 0 f 8  1 0 0 f 6  
Bisbrusatolyl malonate 


10 uM 5 9 f 6 d  7 2 f 5  4 8 f 4 d  
~ 


0 37659 dpm/l@ cellshr. * 42981 dpm/l@ cellshr. 77421 dpm/l06 cellsh. p 
2 0.001. 


buffer (pH 7.2) from 0-24 hr and measured over the range of 200-340 nm 
(8). 


The in uitro enzymatic studies were conducted with I present in a final 
concentration of 10 p M .  The in uitro and in uiuo enzymatic assays have 
been described previously (4). Nuclear DNA polymerase activity was 
determined on isolated P-388 cell nuclei (9) using the incubation medium 
of Sawada et  al. (lo), except that [3H]methylthymidine triphosphate 
(78.1 Ci/mmole) was used. The insoluble nucleic acids were collected on 
glass fiber papers. The control value was 24,568 dpm/mg of nuclear 
protein. Messenger, ribosomal, and transfer RNA polymerase enzymes 
were isolated using different concentrations of ammonium sulfate ( I I ) ,  
and the individual polymerase activities were measured using [5,6-3H] - 
uridine-5-triphosphate (23.2 Ci/mmole). Insoluble ribonucleic acids were 
collected on nitrocellulose filters (11,12). Control values for messenger, 
ribosomal, and transfer RNA polymerase activities were 1807,2987, and 
2270 dpm/mg of nucleic protein, respectively. Ribonucleotide reductase 
activity was measured by a previous method (13) using [14C]cytidine- 
5'-diphosphate (25 Ci/mmole). The deoxyribonucleotides were separated 
from ribonucleotides by polyethyleneiminecellulose TLC. The control 
value for the reductase was 22,392 dpm/mg of protein. Deoxythymidine 
kinase, deoxythymidylate monophosphate kinase, and deoxythymidylate 
diphosphate kinase activities were measured by spectrophotometric assay 
(14) based on the disappearance of nadide at  340 nm. Control values using 
a postnuclear supernate (600Xg for 10 min) were a change in absorbance 
of 0.365,0.182, and 0.368 0.d. units/hr/mg of protein, respectively. En- 
zymes of the pyrimidine synthetic pathway were also measured. Carbamyl 
phosphate synthetase activity was determined by a previous method (15). 
The colorimetric determination of citrulline was also performed according 
to a previous method (16), resulting in 3.26 mg of citrulline formed/hr/pg 
of protein. Aspartate carbamyl transferase activity was carried out in the 
presence of aspartate transcarbamylase (15) and the colorimetric de- 
termination (17) of the carbamyl aspartate that formed resulted in 0.301 
pmole formed/hr/mg of protein. Orotidine-5'-phosphate decarboxylase 
activity was measured using a 16,300Xg (20 min) supernate by a tech- 
nique (18) using [14C]carbonyl orotidine-5'-monophosphate (34.9 mCi/ 
mmole). The control value was 39,059 dpm/mg of protein. Thymidylate 
synthetase activity was determined by a method (19) utilizing a post- 
mitochondria1 supernate (9OOOXg for 10 min) with 5 pCi of [5-3H]de- 
oxyuridine monophosphate (11 Ci/mmole), giving a control value of 
12,374 dpm/hr/mg of protein. Dihydrofolate reductase activity was de- 
termined using a 600Xg (10 min) supernate by a spectrophotometric 
method (20) based on the disappearance of reduced nadide resulting in 
a value of 0.761 0.d. unit/hr/mg of protein for 10-day P-388 cells. [14Cc]- 
Formate incorporation into purines was measured by a method (21) using 
0.5 pCi of [14C]formic acid (4.95 mCi/mmole). Purine separation was 
achieved by silica gel TLC eluting with n-butanol-acetic acid-water 
(41:5). Using guanine and adenine standards, the appropriate spots were 
scraped and the radioactivity determined. The control value for purine 
synthesis was 10,621 dpm/mg of protein. Phosphoribosyl pyrophosphate 
amino transferase activity was determined by a spectrophotometric 
method (22) at  340 nm using a 600Xg (10 min) supernate, resulting in a 
control value of 0.806 0.d. unit/hr/mg of protein. Inosinic acid dehydro- 
genase activity was determined by a spectrophotometric method (23) a t  
340 nm. The control value for 10-day P-388 cells was 0.133 0.d. unit/ 
min/pg of protein for a 600Xg (10 min) supernate. Deoxyribonuclease 


Table 11-In Vitro Effects of Bisbrusatolyl Malonate on 
Enzymatic Activities of P-388 Lymphocytic Leukemia Cells 


% Control 
Control Bisbrusa- 
(0.05% 


Polysorbate 


100 f 12 
100 f 8 
100 f 3 
100 f 3 


Enzyme (n  = 6) 80) 


Deoxyribonucleic acid polymerase 
Messenger ribonucleic acid polymerase 
Ribosomal ribonucleic acid polymerase 
Transfer ribonucleic acid polymerase 
Ribonucleotide reductase 100 f 12 
d-Thymidine kinase 100 f 7 
d-Thymidine monophosphate kinase 100 f 13 
d-Thymidine diphosphate kinase 100 f 6 
Carbamyl phosphate synthetase 100 f 3 
Aspartate carbamoyltransferase 100 f 9 
Orotidine-5'-phosphate decarboxylase 100 f 11 
Thymidylate synthetase 100 f 11 


Phosphoribosyl pyrophosphate 100 f 3 


Inosinic acid dehydrogenase 
Deoxyribonuclease 100 f 8 
Ribonuclease 100 f 5 
Cathepsin 100 f 7 
Histone phosphorylation 100 f 5 
Nonhistone phosphorylation 100 f 5 


Dihydrofolate reductase 100 f 13 
"CFormate incorporation into purines 100 f 6 


aminotransferase 
100 f 12 


S-Adenosyl-L-methionine methyl transferase 
Oxidative phosphorylation processes 


100 f 6 


Succinate 
State 4 100 f 4 
State 3 100 f 3 


State 4 100 f 5 
State 3 100 f 4 


a-ketoglutarate 


tolyl 
Malonate, 


10 p M  


43 f 8" 
75 f l l b  
84 f lob 
66 f 7" 
88 f 9 
72 f 5" 
50 f 6O 
79 i 9b 
85 2 Sb 


107 f 12 
69 f 4" 
82 f 6' 
71 f lob  
45 f 6O 
69 f 5" 


94 f 10 
33 f 7" 
16 f 7" 
72 f 6" 


111 f 6 
89 f 4b 
53 f 7 


84 f 3" 
76 f 5" 


71 f 3O 
78 f 3" 


0.005. p 5 0.010. 


activity was measured at  pH 5.0 by a modification of the deDuve method 
(24). Ribonuclease and acid cathepsin activities were determined a t  pH 
5.0 by a previous method (25). The control deoxyribonuclease activity 
was 1.72 pg of DNA hydrolyzed/min/mg of protein; ribonuclease activity 
was 7.24 pg RNA hydrolyzed/min/mg of protein. Cathepsin activity was 
65.7 pg of azocasein hydrolyzed/min/mg of protein for 10-day P-388 
cells. 


Histone phosphorylation was determined by injecting 10 pCi of [y- 
32P]adenosine triphosphate (27 Ci/mmole) intraperitoneally. The nuclei 
were isolated 1 hr later and the histone chromatin protein extracted (26). 
Nonhistone chromatin phosphorylation by nucleic protein kinase was 
determined on isolated nuclei (9), utilizing 2 mmoles of [y-32P]adenosine 
triphosphate. Chromatin protein was collected on nitrocellulose mem- 
brane filters (27) and cyclic adenosine triphosphate levels were deter- 
mined with a commercial radioimmunoassay kit2 using iodine 125. Methyl 
transferase activity was determined by a method (28) using 0.05 pCi of 
[14CH3]S-adenosyl-~-methionine (53 mCi/mmole). The control value 
for histone phosphorylation was 1211 dpm/mg of chromatin protein 
isolated; nonhistone phosphorylation was 2391 dpm/mg of protein, and 
cyclic adenosine phosphate was 1.25 pmoles/l@ cells. Methyl transferase 
activity for the control was 217 dpm/mg of protein. Oxidative phos- 
phorylation studies were carried out on 9-day P-388 cells (29). Oxygen 
consumption was measured with a Clark electrode connected to an oxy- 
graph. The reaction vessel contained 55 pmoles of sucrose, 22 pmoles of 
monobasic potassium phosphate, 22 pmoles of potassium chloride, 90 
pmoles of succinate or 60 pmoles of a-ketoglutarate as substrate, and 22 
pmoles of adenosine triphosphate. The final I concentration was 10 
pmoles. After the basal metabolic level (state 4) was reached, 0.257 pmole 
of adenosine diphosphate was added to the vessel to obtain the adenosine 
diphosphate-stimulated respiration rate (state 3). Basal respiration (state 
4) using succinate as substrate resulted in 11.44 p102 consumed/min/mg 
of protein and lO.O/pl of 0 2  consumed/min/mg of protein using a-keto- 
glutarate. The adenosine diphosphate stimulated respiration rate for 
succinate was 20.76, and for a-ketoglutarate 10.17 p1 of 0 2  consumed/ 
min/mg of protein. 


The studies on the effects of I on protein synthesis were conducted on 
P-388 cells harvested on day 10. P-388 lymphocytic leukemia lysates were 


2 Becton Dickinson. 
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Table 111-Effects of Bisbrusatolyl Malonate on P-388 
LvmDhocvtic Leukemia Cells lo Vivo 


0.7 
E 2 0.6 '  
(D 


0 . 5 .  
I- 
$ 0.4- 
V 
f 0.3. 
m 
LT 0.2. 


m 0.1 8 
a 


Bisbrusatolyl 
Malonate, 


0.6 mg/kg/day, 
Control days 7,8,9 


. 


- 


Incorporation Studies 
Thymidine into DNA 100 f 9 
Uridine into RNA 100 f 8 
Leucine into protein 1 0 0 f 4  


Enzymatic Studies 
DNA polymerase 1 0 0 f 8  
Messenger RNA polymerase 100 f 6 
Ribosomal RNA polymerase 1 0 0 f 6  
Transfer RNA polymerase 1 0 0 f 7  
Ribonucleotide reductase 100 f 6 
d -Thymidine kinase 1 0 0 f 5  
d -Thymidine monophosphate kinase 1 0 0 f 8  
d -Thymidine diphosphate kinase 
Carbamyl phosphate synthetase 1 0 0 f 8  
Aspartate carbamyl transferase 100% 12 


Dihydrofolate reductase 100 f 11 
100 f 12 


Phosphoribosyl pyrophosphate 100 f 4 


Inosinic acid dehydrogenase 100 f 10 
Histone phosphorylation 100 f 12 
Non-histone phosphorylation 100 f 4 
Cyclic adenosine monophosphate levels 100 f 8 


100 f 10 


100 f 10 Orotidine monophosphate decarboxylase 
Thymidylate synthetase 1 0 0 f 6  


[14C]Formate incorporation into purines 


aminotransferase 


Oxidative Phosphorylation Studies 


State 4 1 0 0 5 4  
Succinate 


State 3 1 0 0 f 4  


State 4 100 f 3 
State 3 100 f 5 


1 0 0 f 6  


a- ketoglutarate 


Number cells X 106/ml ascites fluid 


41 f 5" 
53 f 9" 
34 f 7" 


44 f 7" 
61 f 5" 
83 % 6* 
50 f 7" 


108 f 8 
68 f 4 
63 f 6" 
77 f 86 


102 f 7 
1 0 0 f 8  
27 f 3" 
89 f 5 
12 f 7" 
55 f 11" 
59 f 7" 


100*8 ~~~ ~ ~ 


136 f 136 
79 f 7" 
20 f 5" 


75 f 7" 
66 f 4" 


72 f 5" 
70 f 2" 
44 f 5" 


p 5 0.001. * p 0.005. p 2 0.010. 


prepared by the method of Kruh et al. (30). The following were isolated 
from P-388 lysates by literature techniques: run-off ribosomes (311, pH 
5 enzyme (301, and uncharged transfer RNA (32).The P-388 lymphocytic 
leukemia cell initiation factors for protein synthesis were prepared by 
the method of Majumdar (33) 03H methionyl transfer RNA was prepared 
from P-388 cell transfer RNA (tRNA) by a previous method (34). The 
effect of I on endogenous protein synthesis (35) of P-388 lysates was 
carried out in a reaction mixture (0.5 ml) containing 10 mM trometh- 
amine hydrochloride (pH 7.6), 76 mM KCl, 1 mM adenosine triphos- 
phate, 0.2 mM guanosine triphosphate, 15 mM phosphocreatine, 2 mM 
MgC12, 1 mM dithiothreitol, 0.1 mM of each of the 19 essential amino 
acids, 0.9 mg/ml creatine phosphokinase, and 20 pCi [3H]leucine (56.5 
Ci/mmole). An aliquot of the reaction mixture was incubated at 30". After 
90 sec of incubation, I or the standards pyrocatechol violet or emetine 
was added to a final concentration of 100 pM. A t  1-min intervals, 50-pl 
aliquots were removed from the reaction tubes and spotted on filter pa- 
pers3 and then treated for 10 min in boiling 5% trichloroacetic acid, fol- 
lowed by 10 min in cold 5% trichloroacetic acid and washed with cold 5% 
trichloroacetic acid, ether-ethanol (l:l), and ether. The filter papers were 
dried and counted in scintillation fluid. 


The effects of I, pyrocatechol violet, and emetine on the ribosome 
profile (35) of P-388 cell lysate were assayed using the described reaction 
medium (500 pl). Following drug addition (100 pM final concentration) 
the reaction was incubated for 4 min at 37'. The reaction was terminated 
in ice and gradient buffer [ l  ml of tromethamine hydrochloride (pH 7.6) 
10 mM KCl, and 1.5 mM MgC12.6H~Ol was added. The mixture was 
layered over 36 ml of 10-25% linear sucrose gradient (35), prepared in 
gradient buffer, and centrifuged for 165 min at 25,000 rpm in a swinging 
bucket rotor4 at 4'. The absorbance profile a t  260 nm was determined 
using a flow cell (light path 0.2 cm) attached to a spectr~photometer~. 


The reaction mixture (50 pl) for the polyuridine directed polypheny- 
lalanine synthesis (36) contained 50 mM tromethamine hydrochloride 
(pH 7.61, 12.5 mM magnesium acetate, 80 mM KCl, 5 mM phospho- 


qn 8[ 
I-x 7 -  J 


- 


G I/ - ,- I 1 I -.A- L _ I - _ L  u 1 


0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
INCUBATION, min 


Figure 1-Effects of bisbrusatolyl malonate on the protein synthesis 
of P-388 lysates using endogenous mRNA. Key: @, control; 0, pyro- 
catechol violet; V, bisbrusatolyl malonate; and ., emetine. 


creatine, 0.05 mg/ml creatine phosphokinase, 0.36 mg/ml polyuridine'j 
(Aneo/Azm = 0.34), 0.5 pCi [14C]phenylalanine (536 mCi/mmole) 75 pg 
uncharged P-388 cell transfer RNA, 70 pg of P-388 cell pH 5 enzyme 
preparation, and 0.9 A m  of P-388 cell run-off ribosomes. After incubation 
for 20 min at  30°, a 35-pl aliquot was spotted on filter paper3 and pro- 
cessed as described previously. 


The reaction medium (200 pl) used to measure the formation of the 
80s initiation complex and the methionyl puromycin reaction (37) con- 
tained 15 mM tromethamine hydrochloride (pH 7.6),80 mM KC1,l mM 
adenosine triphosphate, 0.5 mM guanosine triphosphate, 20 mM phos- 
phocreatine, 0.2 mg/ml creatine phosphokinase, 3 mM magnesium ace- 
tate, 0.1 mM ethylenediaminetetraacetic acid, 1 mM dithiothreitol, 0.1 
mM of each of the 19 essential amino acids, 3 mg of P-388 cell lysates, 100 
pg/ml chl~rtetracycline~, 3 X lo6 cpm [3H]methionine-transfer ribonu- 
cleic acid, (Met-tRNAf), and 20 pg/ml polyadenosine-uridine-guanosine 
(poly AUG) and 5 pl of drug. The incubation was carried out at 23' and 
after 2 min aliquots were withdrawn to analyze for 80s complex forma- 
tion. Puromycin (lOpg/ml) was then added to the reaction medium. The 
incubation was continued for another 6 min and aliquots were withdrawn 
to analyze for reaction of the 80s complex with puromycin. All aliquots 
(50 pl) were diluted to 250 pl with buffer [20 mM tromethamine hydro- 
chloride (pH 7.6), 80 mM KCI, 3 mM magnesium acetate, 1 mM di- 
thiothreitol, and 0.1 mM ethylenediaminetetraacetic acid], layered on 
11.8 ml of a 15-30% linear sucrose gradient, and centrifuged for 3 hr a t  
36,000 rpm in a swinging bucket rob$. Fractions (0.4 ml) were collected 
and precipitated with 10% trichloroacetic acid on filter papers and 
counted. 


The reaction mixtures (75 pl) for the ternary complex formation (37) 
contained 21.4 mM tromethamine hydrochloride (pH 8.0). 80 mM KCl, 


BOTTOM SUCROSE DENSITY GRADIENT TOP 


Figure 2-P-388 ribosome profile. Key: - - -, bisbrusatolyl malonate; 
_- , pyrocatechol violet; -, emetine, and - - -. -, control. 


3 Whatman No. 3. 
4 Beckman SW27. 
6 Cilford. 


@ Miles Laboratory, Inc. 
7 Sigma Chemical Co. 
8 Beckman SW40 rotor. 
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Table IV-Effects of Bisbrusatolyl Malonate on Terna ry  and  
805 Complex Formation 


L I 1 J 
0 5 10 15 


BISBRUSATOLY L MALONATE, MM 


Figure 3-Effect of various concentrations of bisbrusatolyl malonate 
on polyuridine directed p ~ l y [ ' ~ C ] p h e n y l a l a n i n e  synthesis i n  P-388 
run-off ribosomes. 
0.26 mM guanosine triphosphate, 21.4 mM dithiothreitol, 10 pg of bovine 
serum albumin, 5 pmoles of P-388 cell [3H]methionine-transfer ribonu- 
cleic acidj (Met-tRNAf, 1 X lo4 cpm), 100 AZ60/ml of crude P-388 cell 
initiation factors, and 10 p1 of drug or standard. The incubation was 
conducted for 5 min a t  37' and terminated by the addition of 3 ml of cold 
buffer (21.4 mM tromethamine hydrochloride (pH 8.0),80 mM KCl, 2.14 
mM dithiothreitol]. The samples were filtered through 0.45 pm filter@, 
washed twice in buffer, and counted. 


The reaction mixture (75 11)  for the 805 initiation complex (38) for- 
mation contained 1.9 mM magnesium acetate, 5 A260/ml polyadenos- 
ine-uridine-guanosine5, and 100 A260/ml of 80s P-388 cell ribosomes in 
addition to the components necessary for the ternary complex formation 
reaction. Incubation was 10 min a t  37' which was then cooled to 4O and 
titrated to 5 mM with magnesium acetate. After 5 min a t  4', the samples 
were diluted with cold buffer [21.4 mM tromethamine hydrochloride (pH 
8.0) 80 mM KCl, 5 mM magnesium acetate, and 2.14 mM dithiothreitol] 
and filtered as indicated for the ternary complex formation experi- 
ment. 


Amino acid-transfer RNA activation steps were determined by a 
previous method (39). The reaction medium contained 0.1 mM tro- 
methamine hydrochloride (pH 7.4), 0.2 mM adenosine triphosphate, 0.3 
mg/ml pH 5 enzyme from P-388 cells, and 2.5 pCi/ml of ['4C]phenylala- 
nine (536 mCi/mmole), [3H]leucine (56.5 Ci/mmole), or [3H]methionine 
(80.0 Ci/mmole) in a total volume of 1 ml. After incubation a t  37' for 20 
min, 2 ml of ice cold 10% trichloroacetic acid was added and the activated 
amino acid-transfer RNA collected on nitrocellulose filters. 


RESULTS AND DISCUSSION 


I n  uitro incubation of I at  lo-, 25-, and 50-pM concentrations indicated 
that DNA synthesis was inhibited by relatively the same degree (4246%) 
for all three concentrations employed (Table I). RNA synthesis was in- 
hibited at  10 and 25 p M  but not at 50 p M .  The inhibition of protein syn- 
thesis i n  uitro followed a dose response curve for the doses employed in 
this study. Homogenized and whole cells demonstrated approximately 
the same degree of inhibition of DNA, RNA, and protein synthesis a t  10 
pA4 final concentration of drug indicating that I inhibition of macromo- 
lecular synthesis was not due to the inhibition of radiolabeled precursor 
transport across the tumor cell membrane. The i n  uitro effects of I a t  10 
p M  on several of the enzymes required for nucleic acid synthesis (Table 
11) indicated that the major inhibition sites are a t  DNA polymerase, 
thymidine monophosphate kinase, purine synthesis, and methyl trans- 
ferase, all of which were suppressed -50% by I in  uitro. Minor sites of i n  
uitro inhibition included RNA polymerase, thymidine kinase, orotidine 
monophosphate decarboxylase, dihydrofolate reductase, phosphoribosyl 
pyrophosphate amino transferase, and oxidative phosphorylation pro- 
cesses, both basal and adenosine diphosphate stimulated respiration 
using succinate or a-ketoglutarate as subfirate. 


Examination of the effects of I on lysosomal hydrolytic enzymatic ac- 
tivities indicated that lysosomal membranes were stabilized by the drug. 
Thus, nucleases and proteolytic enzymatic activities of the lysosomes of 


Millipore. 


Complex 


PM pmole Control 
Concentration, Formation, Percent of 


Ternary Complex Formulation 
Control 2.10 100 + Emetine 100 2.02 96 + Pyrocatechol violet 100 0.21 10 + Bisbrusatolyl malonate 25 1.81 86 


80s Initiation Complex Formation 
Control 1.82 100 + Emetine 100 1.49 82 + Pyrocatechol violet 100 0.36 20 + Bisbrusatolyl malonate 25 1.51 83 


the P-388 cells would not play a decreased role in nucleic acid and protein 
turnover, thereby resulting in erroneous incorporation values of radio- 
labeled precursors into synthetic macromolecules. 


I n  uiuo administration (Table 111) of I at 0.6 mgkg  on days 7,8, and 
9 showed that the incorporation of thymidine, uridine, and leucine into 
DNA, RNA, and protein were drastically reduced (i.e., at least 50% for 
nucleic acids and 66% for protein synthesis). Examination of the enzymes 
involved in nucleic acid synthesis indicated that DNA polymerase activity 
was inhibited 569'0, messenger RNA polymerase activity was inhibited 
by 39%, and transfer RNA polymerase was inhibited by 50%. The sup- 
pression of the nucleic acid polymerase activities would indicate that 
template activity is interfered with by the drug binding in some manner. 
However, the UV spectrophotometric studies indicated only marginal 
interaction between DNA and I after incubation for 24 hr. Nucleotide 
kinase activity was inhibited moderately (23-37%). Orotidine-5'-mono- 
phosphate decarboxylase was inhibited significantly, inhibition being 
far greater i n  uiuo (73%) than in uitro (31%). This difference may be due 
to a metabolite or may reflect slow binding between enzyme and drug. 
No other enzyme in the pyrimidine pathway was inhibited by I. Purine 
synthesis was inhibited 45%; one of the key regulatory sites of purine 
synthesis, phosphoribosyl pyrophosphate amino transferase was inhibited 
41%. However, another enzyme that plays a significant role in one carbon 
transfer for both pyrimidine and purines, dihydrofolate reductase, was 
88% inhibited in uiuo whereas in uitro it was only 29% inhibited. Cyclic 
adenosine triphosphate levels were inhibited by 80%. Oxidative phos- 
phorylation after in uiuo administration of the drug was moderately in- 
hibited (34-25%). Although a moderate loss of energy from this process 
could influence all synthetic pathways of the tumor cell. The number of 
tumor cells per milliliter was reduced by 56% after dosing for 3 days with 
I a t  0.6 mg/kg. 


In comparison to brusatol's effects on P-388 lymphocytic leukemia cell 
metabolism at 100 pgkg/day (41, I was found to inhibit DNA polymerase 
and dihydrofolate reductase activities more effectively than brusatol both 
in uiuo and i n  uitro. Furthermore, I inhibited thymidine nucleotide ki- 
nases enzymatic activities where no inhibition of the kinases was observed 


Table V-Effects of Bisbrusatolyl Malonate on Amino Acid 
Transfer  RNA Activation in P-388 Lymphocytic Leukemia Cells 


Amino Acid 
Transfer RNA 


Formation, Percent of 
Inhibitor Concentration pmol Control 


['4C]Phenylalanine-transfer RNA 
Control - 1.85 100 + Emetine 100 0.97 92 + Pvrocatechol violet 100 0.98 93 + B&brusatolyl 


malonate 
50 0.97 92 


13H]Leucyl-transfer RNA 
Control - 1.83 100 + Emetine 100 1.74 95 + Pyrocatechol violet 100 1.72 94 + Bisbrusatolyl 50 1.76 96 


malonate 
13H1Methionyl-transfer RNA 


Control - 1.62 100 + Emetine 100 1.54 95 + Pyrocatechol violet 100 1.57 97 + Bisbrusatolyl 50 1.52 94 
malonate 
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Figure &Formation of the 80s initiation complex of P-388 cell system 
(linear sucrose gradient centrifugation). Key: -, control; - * - - -, 
bisbrusatolyl malonate. 
with brusatol. Brusatol caused a massive increase in cyclic adenosine 
monophosphate levels which was not observed for I. Brusatol caused a 
greater magnitude of inhibition of nucleic acid and protein synthesis in 
P-388 cells than I; however, thie greater suppression did not correlate with 
increased antileukemic activity (T/C 'TO = 158) for brusatol. 


When the effect on protein synthesis of the P-388 cells was examined 
in detail, I clearly mimicked the action of brusatol and bruceantin. Pre- 
vious studies with bruceantin in a yeast system (40) and brusatol in a 
rabbit reticulocyte system (41) have shown that these drugs bind pref- 
erentially to the free 80s subunit and subsequently inhibit any peptidyl 
transferase reaction. Thus, they allowed elongation of preformed poly- 
peptide chains and formation of a new 80s initiation complex, but pre- 
vented utilization of that 805 initiation complex in the elongation steps 
of protein synthesis. The malonate ester has a similar mode of action. 


Figure 1 shows that at a 1 pM concentration there is a lag of 6-7 min 
before inhibition by I becomes fully effective. This behavior is similiar 
to the initiation inhibitor pyrocatechol violet and suggests that preformed 
polypeptide chains are being completed prior to the onset of inhibition. 
This hypothesis is further confirmed by examining the ribosome profile 
following drug treatment of lysates prelabeled with (3H]leucine (Fig. 2). 
At  1 rM,  I causes accumulation of an 80s peak (presumably the 80s 
initiation complex). Since no radioactivity is associated with this peak, 
it is evident that 1 pM I also allows completion and release of the prela- 
beled polypeptide chain. These results are comparable to what one might 
expect to see from an initiation inhibitor (pyrocatechol violet). However, 
at higher concentrations (10 and 100 r M )  I mimics the elongation in- 
hibitors emetine and tetracycline. That is, inhibition occurs without any 
lag (Fig. 1) and results in freezing the preformed polypeptide chain on 
the ribosome (Fig. 2). This observation is consistent with previous data 
showing that a t  low concentrations, bruceantin binds only to free 80s 
subunits; however, a t  sufficiently high concentrations, it will also bind 
directly to the 80s elongation complex (41). 


Further evidence that I acts as an elongation inhibitor comes from 
studies on polyuridine directed polyphenylalanine synthesis. Figure 3 
shows the inhibition curve for polyphenylalanine synthesis carried out 
with purified run-off ribosomes isolated from 10-day P-388 cells. Clearly, 
the drug is effective as an inhibitor of polyuridine directed and endoge- 
nous protein synthesis. Since polyuridine directed protein synthesis does 
not require normal initiation or termination reactions, these data strongly 
suggest that I is an elongation inhibitor. 


Confirmation of this hypothesis comes from detailed studies of the 
individual initiation and elongation steps. The initiation steps of protein 
synthesis were evaluated using a fractionated P-388 cell system. Bis- 
brusatolyl malonate (Table IV) had little or no effect on the formation 
of either the 3H-ternary complexlo or the 80s 3H-initiation complex". 
Bisbrusatolyl malonate also had no effect on the amino acid transfer RNA 
activation reactions with phenylalanine, leucine, and methionine (Table 
V). 


Finally, the formation of the 80s initiation complex11 and peptide bond 
formation were assayed as described previously (41). Addition of poly- 
adenine-uridine-guanosine (poly AUG) to  the P-388 lysate resulted in 
the formation of a detectable 80s initiation complex which was not in- 
hibited by the addition of I (Fig. 4). Addition of puromycin to this reaction 
mixture caused formation of methionyl puromycin and consequent re- 
lease of [3H]methionine from the 80s complex (Fig. 5). This reaction was 
completely blocked by I. 


0 8 16 24 30 
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Figure 5-Formation of the methionyl puromycin reaction of P-388 
cell system (linear sucrose gradient centrifugation). Key: -, control 
and puromycin; - - - - -, bisbrusatolyl malonate and puromycin. 


In conclusion, I does not significantly affect the individual initiation 
steps leading to the formation of stable 80s initiation complex in P-388 
cells. However, it does inhibit both polyuridine directed polyphenylala- 
nine synthesis and the formation of the first peptide bond between pu- 
romycin and the [3H]methionyl transfer RNA bound to the initiation 
complex. The data derived from these experiments suggests that I is a 
potent inhibitor of the peptidyl transferase reaction. The apparent runoff 
of polyribonomes to the 80s ribosomes suggests that the ribosome must 
complete its elongation and termination cycles before this drug can bind 
and usually must complete the initiation steps before the bound drug 
becomes an effective inhibitor. This pattern of inhibition is almost 
identical to that observed previously with the other quassinoids, bru- 
ceantin and brusatol(40), in rabbit reticulocytes and yeast cells. 


In P-388 lymphocytic leukemia cells, I is a potent inhibitor of nucleic 
acids synthesie by inhibiting key sites in pyrimidine and purine synthesis 
and DNA and RNA polymerase activities. In addition, it is a potent in- 
hibitor of protein synthesis by inhibiting the elongation step of poly- 
peptide synthesis. 
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Abstract LIA rapid, specific, and sensitive reversed-phase high-perfor- 
mance liquid chromatographic (HPLC) assay for the quantitative de- 
termination of all-trans- retinoic acid (I) or 13-cis-retinoic acid (11) in 
rat serum without extraction or lyophilization is described. Chromato- 
graphic separation from retinol, serum components, and retinol acetate 
standard was achieved on octadecylsilane-coated particles with aceto- 
nitrile-1% ammonium acetate as the eluent. Serum samples (100 pl) 
containing as little as 10 ng of retinoid were analyzed. Serum level profiles 
of rats dosed with the retinoids demonstrated the utility of the assay and 
indicated elimination half-lives of 0.58 and 0.92 hr for I and 11, respec- 
tively. 


Keyphrasea 0 High-performance liquid chromatography-assay for 
13-cis-retinoic acid and all-trans-retinoic acid 0 13-cis-Retinoic 
acid-high-performance liquid chromatographic analysis 0 All-trans - 
retinoic acid-high-performance liquid chromatographic analysis 


High-performance liquid chromatographic (HPLC) 
assay procedures for all-trans-retinoic acid (I) or 13-cis- 
retinoic acid (11) in serum samples differ markedly in 
sample preparation. One previously reported method 
employed lyophilization followed by extraction with 
methanol before analysis by reversed-phase chromatog- 
raphy. By this method as little as 50 ng of retinoic acid was 
detected in 0.5 ml of human plasma samples (1). Another 
report (2) showed a sensitivity limit of 25 ng/ml of plasma 
with reversed-phase chromatography after extraction of 
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samples containing 1 ml of plasma with a mixture of hex- 
me,  methylene chloride, and isopropanol. In another study 
(3), 0.5 ml of serum was extracted with ethyl acetate, fol- 
lowed by evaporation and dissolution of the residue in 
mobile phase. Normal-phase adsorption chromatography 
was employed to achieve a sensitivity of 10-20 ng/ml of 
serum. A fourth method (4) required no extraction step 
and had a detection limit of 100 ng of retinoic acid when 
400 pl of serum was mixed with methanol and centrifuged 
for 20 min and the supernatant liquid was analyzed di- 
rectly by reversed-phase chromatography. 


The present study describes a simple timesaving method 
for determining serum I or I1 by reversed-phase liquid 
chromatography with no extraction or lyophilization steps. 
Only 100 p1 of serum is required, and many samples can 
be analyzed in a short time. Sensitivity compares favorably 
with other reported assay procedures. 


EXPERIMENTAL 


Reagents-All-trans-retinoic acid1 (I), 13-cis-retinoic acid* (II), and 
all-trans-retinol acetate3 (111) were used as received. All other chemicals 


Eastman Kodak, Rochester, N.Y. 
2 Hoffmann-La Roche, Nutley, N.J. 


Sigma Chemical Co., St. Louis, Mo. 
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0-Methylhydroxylamine as a New Trapping Reagent for 
Quantitative Studies of 4-Hydroxycyclophosphamide and 
Aldophosphamide 
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Abstract 0 31P- and 'H-NMR spectroscopy were used to demonstrate 
that the primary metabolites of the anticancer drug cyclophosphamide 
(4-hydroxycyclophosphamide and its acyclic tautomer, aldophospham- 
ide) are quantitatively converted by 0-methylhydroxylamine, at  pH 7.4 
and 37', into the E and 2 isomers of aldophosphamide 0-methyl oxime. 
These trapping products are readily extracted from aqueous media with 
either chloroform or ethyl acetate, are stable a t  pH 6-8 toward oxime 
hydrolysis and elimination of phosphoramide mustard (a secondary 
metabolite of cyclophosphamide), and showed no evidence for transox- 
imination with either ketone or aldehyde acceptors. All of these features 
support the use of aldophosphamide 0-methyl oxime in quantitative 
studies related to cyclophosphamide metabolism. 


Keyphrases Cyclophosphamide-metabolites, 4-hydroxycyclo- 
phosphamide, aldophosphamide, trapping with 0-methylhydroxylamine 


Aldophosphamide-0-methyloxime derivative, E and Z isomers, 
'H-NMR identification NMR Spectroscopy--'H analysis aldophos- 
phamide 0-methyloxime identification, 31P analysis, decomposition 
kinetics 


There is considerable interest in the organic chemistry 
and quantitative analysis of 4-hydroxycyclophosphamide 
(11) and aldophosphamide (111) (Scheme I), as these pri- 
mary metabolites of cyclophosphamide (I) are generally 
believed to play pivotal roles in the oncostatic selectivity 
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of this widely used anticancer prodrug (1,2). The presence 
of a hemiaminal moiety in I1 allows for facile tautomeri- 
zation with 111, which can fragment into acrolein (IV) and 
phosphoramide mustard (V). The combined alkylating 
activity of 11,111, and V can be quantified using 4-(p-ni- 
trobenzy1)pyridine (3), whereas the combined cytotoxicity 
of low levels of all lethal cyclophosphamide metabolites 
is measurable [e.g. ,  by an in uitro assay employing Walker 
256 rat carcinosarcoma cells (4)]. One method for selec- 
tively measuring the total concentration of metabolites I1 
and I11 is their conversion to a relatively stable derivative 
using reaction conditions which preempt loss of I1 and I11 
by fragmentation. Reported examples of such trapping 
products (Scheme I) include 4-ethoxycyclophosphamide 
(VI) (5), aldophosphamide semicarbazone (VII) (6), al- 
dophosphamide propanediol-1,3-acetal (VIII) (7), and 
aldophosphamide cyanohydrin (IX) (8). In contrast to 
these compounds, analytical utilization of 4-sulfidocy- 
clophosphamides (X) must contend with their hydrolytic 
instability (9). Pulse Fourier-transform NMR spectroscopy 
is an alternative methodology which offers the unique 
advantages of providing direct quantitative measurements 
of I1 and I11 as individual solution components. 


During the NMR kinetic studies of I1 and 111, O-meth- 
ylhydroxylamine, which serves as a derivatizing agent for 
GC-mass spectrometric analyses of aldoses (lo), was 
conducive to this study because of ( a )  its super-nucleo- 
philicity due to lone-pair repulsion; ( b )  the thermal (GC, 
GC-mass spectrometric) stability of 0-methyl oximes; ( c )  
the resistance of 0-methyl oximes toward hydrolytic re- 
version to aldehydes; ( d )  the availability of O-methylhy- 
droxylamine hydrochloride in various stable isotope-en- 
riched (2H, 13C, 15N) and radioactive ("H, 14C) forms; and 
(e) the possibility for chemically induced reformation of 
aldehyde 111. Since all of these features are not applicable 
to VI-IX, this study reports the formation and charac- 
terization of the trapping products derived from the re- 
action of II/III with 0-methylhydroxylamine, namely, the 
E (XI) and 2 (XII) isomers of aldophosphamide 0-methyl 
oxime. 


EXPERIMENTAL 


Hydroxyphosphamide (8). 4-ketocyclophosphamide (XIV) ( l l ) ,  and 
compound XV (12) were synthesized and compound XI11 was prepared 
and purified by Colvin's' method. "P-Fourier-transform NMR spectra 
at  40.25 MHz2 were obtained using 10-mm sample tubes, a 5-kHz spectral 
window, 8192 data points zero-filled to 16,384, a a/2 pulse of 18 psec, 
low-power 'H-decoupling, and a 2-sec pulse repetition time. Spectra were 


M. Colvin, Johns Hopkins University School of Medicine, personal commu- 
nication. * FX-100 spectrometer, JEOL USA, Inc. 
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broadened by 1 Hz due to exponential multiplication prior to Fourier- 
transform. 31P-Fourier-transform NMR spectra a t  121.5 MHz3 were 
recorded in a similar manner except for the use of a 20-psec 7~/2 pulse, 
a 1.4-sec pulse repetition time, and 2.5 Hz of line-broadening. 'H-Fou 
rier-transform NMR spectra a t  300 MHz3 were recorded using 5-mm 
sample tubes, a 6-kHz spectral window, a 2-psec 7r/2 pulse, a 5.4-sec pulse 
repetition time, and 0.2 Hz of line-broadening. 'H-NMR spectra a t  220 
MHz4 were recorded in the continuous-wave mode. Unless specified 
otherwise, "P-chemical shifts (6, ppm) refer to deuterium oxide solvent 
and are relative to external 25% H3P04. 'H-Chemical shifts are relative 
to internal tetramethylsilane. NMR sample temperatures were measured 
by immersion of a precalibrated copper-constantan thermocouple. Values 
of pH measured5 in deuterated water were not corrected for isotope ef- 
fects (13). Electron-impact mass spectra6 were scanned from samples 
introduced uia a solids' inlet probe; the probe temperature was main- 
tained a t  20' for a 2-min period and was then elevated a t  12O0/min to a 
final temperature of 325'. Chemical-ionization mass spectra obtained 
with isobutane were scanned from samples similarly introduced. The 
ion-source temperature was 180", the ionizing potential was 70 eV (150 
eV for chemical-ionization), the ion-source pressure was 5 X torr 
(lo-" torr for chemical ionization), and the ionizing current was 50 
Iramp. 


4-( tert-Buty1peroxy)cyclophosphamide (XVI)7-A solution of 
cyclophosphamide monohydrates (2.048 g, 7.34 mmole) and tert -butyl 
hydroperoxide (1.0 ml, 70% aqueous solution) in 34 ml of acetone-water 
1:2 was cooled with an ice bath, and ozoneg (25-50 mg/min) was then 
bubbled into this solution through a glass frit. More acetone (5 ml) was 
added at  30-min intervals, and more tert-butyl hydroperoxide (1 ml) was 
added a t  1.0-hr intervals during the course of the reaction (3 hr). Acetone 
was removed in uacuo on a rotary evaporator a t  room temperature and 
the remaining aqueous solution was extracted with methylene chloride 
(5 X 25 ml). The combined extracts were dried over anhydrous magne- 
sium sulfate and solvent was then removed in uacuo without heating. The 
residual oil was chromatographed at  6" on a column (2.2 X 26-cm) of silica 
gello using acetone-chloroform (2:l) and a flow rate of 8 ml/hr. Product 
[Ri  0.80, 250-pm silica gel, acetone-chloroform (2:1), iodine visualization] 
contaminated with tert-butyl hydroperoxide (Rl0.95) and XIV (Rf  0.60) 
eluted in fractions 7-9 (8 ml/fraction), which were combined and con- 
centrated in uacuo to give material (380 mg) for rechromatography in 
hexane-acetone-chloroform (3:2:1). The two diastereomers of XVI were 
detected in fractions 12-16 as overlapping TLC components [Rf 0.58 and 
0.52, 250-pm silica gel, hexane-acetone-chloroform (3:2:1)]. Removal 
of solvent from these fractions afforded a pure sample (144 mg) of the 
faster eluting diastereomer and a mixture (113 mg) of the faster and 
slower eluting diastereomers; total yield 10% (257 mg). 31P-NMR (40.25 
MHz, deuterochloroform) of faster eluting XVI: 6 6.04; for slower eluting 


WM-300 spectrometer, Bruker Instruments, Inc. 
HR-220 spectrometer, Varian Associates, Inc. 
Model PHM 64 pH meter, Radiometer A/S. 


f Model 2091 GC-MS and 2130 Data System, LKB Instruments, Inc. 
! Compound XVI has been independently prepared by R. €3. Brundrett, Johns 


# Aldrich Chemical Co. 
'j Model 03V6-0 ozone generator, Ozone Research & Equipment Corp. 


''1 Merck 60, <230 mesh, EM Laboratories. 


Ho kins University School of Medicine. 


Figure l--"'P-NMR (40.2.5 M H z )  spectra recorded in 0.05 M lutidine 
buffer at 37'; bottom: cis- and trans-II(6 12.62, 12.93) and I I I (6  20.83); 
tap: -10 min after reaction with 0-methylhydronylamine to  form 0- 
methyl oximes Xl lXI I  (6  20.83). 


XVI, 6 6.44. 'H-NMR (220 MHz, deuterochloroform) of faster eluting 
XVI: 5.09 (d, JHP = 25 Hz of q, JHH = 3 Hz, lH,  C4-H), 4.64 (m, 1H, 
l-Cs-H), 4.09 (m, lH ,  l-Cs-H), 3.82.(broad s, lH ,  NH), 3.59 (t, J H E [  
= 7 Hz, 4H, 2-NCH&HzCI), 3.41 (m, 4H, 2-NCHzCHzCI), 2.02 (m, 2H, 
2-Cs-H), and 1.23 [s, 9H, C(CH&] ppm; electron-impact mass spec- 
trum: m/z 57 (55%) [(CH&C]+, 73 (2%) [(CH:i)&O]+, 92 (70%) 
(35C1CHzCHzNHCHz)+, and 142 (4%) [(:1sCCICH2CH2)2NH~]+; chemi- 
cal-ionization-mass spectrum: m/z 93 (38%) ("CICH~CH~NHCHZ t. 
l ) + ,  and 143 (100%) [("CICHzCH2)zN + 3]+; 349 (M + 1)+ not ob- 
served. 


Reaction of II/III with 0-Methylhydroxylamine-After recording 
the :j'P-NMR (40.25 MHz) spectrum of a solut,ion of cis-XI11 (10 mg. 
0.034 mmole) in deuterochloroform (2 ml) a t  25'. triphenylphosphine 
(12.5 mg, 0.048 mmole, 1.4 equivalents) was added and the spectrum was 
recorded after 5 min. The original signal for cis-XI11 (6 11.07) was re- 
placed by that of cis-I1 ( 6  10.89), and residual triphenylphosphine ( b  
-6.70) was detected in addition to the triphenylphosphine oxide ( 6  27.42) 
by-product. Solvent was removed in uacuo on a rotary evaporator without 
heating, and the residue was then sonicated for 10 min with lutidine 
buffer (2  ml of 0.05 M ,  pH 7.4,5 v/v% deuterium oxide). The filtered so- 
lution was clarified by centrifugation and was then analyzed by "'P-NMR 
before and after (10 min) addition of 0-methylhydroxylamine hydro- 
chloride (14 mg, 0.170 mmole, 5 equivalents; sample pH adjusted to 7.4 
with 1 N sodium hydroxide); spectra are shown in Fig. 1. The solution 
was saturated with sodium chloride and then extracted with deutero- 
chloroform (2  X 1 ml) for 'H- and :"P-NMR analyses, which showed the 
presence of XI/XII as a single phosphorus resonance (6 14.13); XI/XII 
were not detectable P'P-NMR) in the remaining aqueous layer. Similar 
results were obtained by ethyl acetate extraction of a duplicate reaction 
mixture. 


Preparative-Scale Isolation of XI/XII, Decomposition of XI11 in 
the Presence of 0-Methylhydroxylamine-A sample of crude XI11 
(175 mg, -0.5 mmole), which contained -20 moles TO XIV by "P-NMR, 
was dissolved in water (10 ml) and was theatreated with an alkaline so- 
lution of 0-methylhydroxylamine that had been prepared from its hy- 
drochloride salt (100 mg, 1.2 mmoles in 6.2 ml of 0.2 M sodium hydrox- 
ide). After 24 hr at  room temperature, the sodium chloride-saturated 
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Figure 2-Structures of E and Z aldophosphamide 0-methyl oximes 
( X I  and X I I )  with 'H-NMR (300 MHz) spectral inserts and  chemical 
shifts for the indicated protons. 


reaction mixture was extracted with chloroform (3 X 15 ml) and the 
combined extract was then dried with anhydrous magnesium sulfate. 
Removal of chloroform in uacuo gave a residue (54 mg) which was 
subjected to TLC (1000-pm silica gel, acetone-chloroform 1: l )  and af- 
forded two overlapping components (Rl 0.1-0.2) identified as a 62:38 
mixture of E (XI) and Z (XII) 0-methyl oximes of 111 (17 mg of oil, 12% 
corrected yield); 'H-NMR (300 MHz, acetone-ds) for XI and XII, re- 
spectively (Fig. 2): 6 7.40 and 6.79 (2-t, JHH = 5.8 and 5.1 Hz, 61:39, 1H 
total, nonequivalent CHzCH=N), 4.07 (m, 2H, CHzO), 3.74 and 3.80 (2-s, 
63:37,3H total, nonequivalent OCH3), 3.90 (broad s, 2H, NHz), 3.69 (t, 
J = 7.2 Hz, 4H, 2-NCH&HzCl), 3.31 (m, 4H, 2-NCHzCHzCI), 2.50 and 
2.62 (2-q, J H H  = 6.2 and 5.9 Hz, respectively, 61:39,2H total, nonequiv- 
dent CHzCH=N) ppm; electron-impact-mass spectrum: m/z 274 (0.8%) 


[(35CICH2CH2)~NHz]+, 92 (87%) (35C1CHzCHzNHCHz)+, and 86 (69%) 
(CH3ON=CHCHzCHz)+; chemical-ionization-mass spectrum: 87 (100%) 


(58%) [(35ClCHzCHz)zN + 3]+, 308 (39%) and 310 (25%) (M + 3)+. Upon 
standing in a freezer, the initial oily sample of XI/XII crystallized, mp 
72-75". 


Anal.-Calc. for CsH18N303PC12: C, 31.38; H, 5.94; N,  13.73. Found: 
C, 31.34; H, 5.89; N, 13.64. 


Decomposition of XV in the Presence of O-Methylhydroxylam- 
ine-A solution of lutidine buffer (1.75 ml of 0.05 M ,  5 v/v% deuterium 
oxide) and 0-methylhydroxylamine hydrochloride (20 mg, 0.24 mmole), 
adjusted to pH 7.4 with 1 N sodium hydroxide, was sonicated with 
crystalline XV (10 mg, 0.018 mmole) to achieve rapid dissolution. The 
sample was placed in the"'P-NMR (121.5 MHz) probe a t  37", and after 
10 min of temperature equilibration, the free-induction decay signal for 
each spectrum (320 pulses, 7.56 min) was automatically accumulated and 
stored. The average concentration of XV in each frequency-domain 
spectrum was measured as a relative percentage, using the peak height 
of XV (6 12.60) and all other reaction components: XI/XII (6 20.83), XI11 
(6 13.431, and XIV (6 9.93). A plot of In([XV]o/[XVIt) versus time ( t )  
using eight data points was linear over the monitored decomposition 
period (75%) and gave 7112 = 0.5 hr. 


Decomposition of XVI in the Presence of O-Methylhydroxyla- 
mine-The procedure with the faster eluting diastereomer of XVI (15 
mg, 0.043 mmole) was the same as that described above for compound 
XV, except for the use of pyridine buffer (1.30 ml of 0.1 M ,  5 v/v% deu- 
terium oxide). From the 31P-NMR peak heights of XVI (6 11.57), XI11 
(6 12.84), and XI/XII (6 20.80) in eight spectra (300 pulses, 10.00 min/ 
spectrum) obtained over 9 hr of monitoring (67% decomposition), a linear 
plot of In([XVI],/[XVI]t) uersus t gave ~ 1 / 2  = 5.2 hr. 


Stability Studies with XI/XII-A11 buffers refer to 0.05 M aqueous 
solutions. An aliquot (0.10 ml) of a stock solution of XI/XII (0.073 M )  
in methanol was added to potassium dihydrogen phosphate (1 ml) a t  pH 
6.00,7.03, and 8.03, and lutidine (1 ml) a t  pH 7.01. A standard solution 
of the oximes was similarly prepared in chloroform (1 ml). Each solution 
was magnetically stirred a t  room temperature and was analyzed as a 
function of time using TLC [250-pm silica gel, acetone-chloroform (3:1)], 
XI/XII R, = 0.62. There was no detectable oxime decomposition after 
6 days. 


An aliquot (25 PI)  of a stock solution of XI/XII (0.146 M )  in methanol 
was added to both the phosphate buffer a t  pH 7.03 and the htidine buffer 
a t  pH 7.01, giving an oxime concentration of 7.0 mM. The former solution 
was combined with acetone (15 PI, 0.2 mmole, 55-fold molar excess), while 
the latter solution was treated with acetaldehyde (10 pl, 0.18 mmole, 
48-fold molar excess). Daily TLC monitoring as described showed no 
evidence of reaction after 6 days at room temperature. 


and 276 (0.4%) (M-CH30)+, 165 (70%) [M-(CICHzCH2)2N]+, 142 (3%) 


(CHzON=CHCHzCHz + l)+,  93 (26%) (35CC1CH2CHzNHCHz + l)+,  143 


The initial oxime solutions in phosphate buffer at pH 6.00,7.03, and 
8.03, and lutidine buffer a t  pH 7.01, were each combined after 6 days with 
aqueous formaldehyde (6 p1 of 37 w/w %, 0.073 mmole, 10-fold molar 
excess) and were stirred a t  room temperature. TLC analysis showed no 
detectable oxime decomposition after 4 days. 


RESULTS AND DISCUSSION 
Triphenylphosphine deoxygenation of 4-hydroperoxycyclophos- 


phamide (XIII) is commonly employed for synthetic entry to cis-11, 
trans-11, and 111, which give rise to 'H-decoupled, 31P-NMR singlet ab- 
sorptions a t  6 12.63, 12.93, and 20.83, respectively, in 0.05 M lutidine 
buffer at 37' (Fig. 1)". Hydroxyphosphamide (6 21.01), which is the 3- 
hydroxypropyl analog of aldophosphamide (III), is a good chemical shift 
model for 31P-NMR identification of 111; however, it should be noted that 
the proportion of free aldehyde in 111 uersus its hydrate (15) has not been 
established. The absolute and relative signal intensities for cis-11, 
trans-11, and 111 vary (not shown) during the course of their gradual 
tautomerization and fragmentation of 111 to give IV and V, which is rel- 
atively short-lived and was previously studied by 31P-NMR (16). In 
contrast to these spectral changes, addition of a 5-fold molar excess of 
0-methylhydroxylamine hydrochloride leads to rapid (< lo  min) con- 
sumption of II/III with formation of a single resonance (6 20.83) due to 
the E and Z aldophosphamide 0-methyl oxime (XI and XII) trapping 
products (Fig. 1)l2. 'H-NMR analysis of an analytically pure oxime 
sample, which was obtained from spontaneous decomposition of XI11 
in the presence of 0-methylhydroxylamine followed by extraction and 
TLC, showed resonance doubling (Fig. 2) for three types of protons: CH30 
(singlets), CHzCHzCH=N (quartets), and CHzCH&H=N (triplets). 
Other investigators (17,18) have compared the 'H-NMR spectra of nine 
E/Z pairs of 0-methyl oximes, and have concluded that the imino proton 
(CH=N) in the E isomer generally exhibits an -0.6-0.9 ppm downfield 
shift relative to the corresponding resonance from the Z form. On this 
basis, the triplets a t  6 7.40 and 6.79 (A6 = 0.61 ppm) are respectively as- 
signed to the E (XI) and Z (XII) 0-methyl oximes of 111, while averaged 
signal integrations gave a 62:38 ( f l % )  E / Z  product ratio. Selective ir- 
radiation of each imino proton triplet led to the observation of a triplet 
for the corresponding CHzCHzCH=N nuclei, while irradiation of the 
overlapping absorptions for the CHzO protons led to simultaneous col- 
lapse of both CHzCH&H=N quartets into doublets, thus confirming 
the internal spectral assignments. 


The utility of 0-methylhydroxylamine in simplifying kinetic studies 
of 4-peroxy derivatives of I and its analogs (2) was exemplified by the 
spontaneous decomposition of 4-peroxycyclophosphamide (XV) in lu- 
tidine buffer (0.05 M )  containing a 13-fold molar excess of this trapping 
reagent. 31P-NMR spectra recorded as a function of time at  37O show the 
gradual disappearance of XV (6 12.60) with the transient intermediacy 
of XI11 (6 13.43) and the steady accumulation of XI/XII (6 20.83), to- 
gether with the formation of 4-ketocyclophosphamide (XIV, 6 9.93) as 
a minor by-product (18%). The disappearance of XV obeys a first-order 
rate law, with T ~ / Z  = 0.5 hr, whereas other investigators (19), who moni- 
tored the time-course for release of acrolein from XV, reported an initial 
lag phase and postulated a coupled set of homolytic reactions. While the 
mechanistic origins for these kinetic differences require further inves- 
tigation, the competing production of XIV is tentatively ascribed to 
free-radical cage reactions prior to formation of I1 and then 111, which 
is finally intercepted as XI/XII. Analogous kinetic measurements with 
diastereomerically pure 4-( tert -butylperoxy)cyclophosphamide (XVI) 
revealed an -10-fold increase in stability (7112 = 5.2 hr), relative to XV 
(7112 = 0.5 hr), and the absence of XIV (<1%) during formation of XI/XII. 
The contrasting results obtained for XV and XVI clearly reveal that the 
details for spontaneous decomposition of 4-peroxy derivatives of I are 
more complex than anticipated, a priori. 


The stability of XI/XII toward either hydrolytic reversion to II/III or 
fragmentation into IV and V was demonstrated by TLC monitoring of 
the 0-methyl oximes in buffered solutions a t  pH 6,7, and 8, which showed 
no evidence of either oxime disappearance or formation of acrolein (IV) 
after 6 days at room temperature. Treatment of these solutions a t  pH 7 
with excess acetone (55 equivalents), acetaldehyde (48 equivalents), or 
formaldehyde (10 equivalents) gave no TLC evidence for transoximi- 
nation. 


1' The "P-NMR chemical shifts of I and its metabolites in aqueous solution are 
de endent upon pH, temperature, and the type of buffer (14). 


pz TLC and 'H-NMR analyses of a deuterochloroform extract confirmed the 
presence of oximes XI and XII, thus ruling out the possibility of catalyzed con- 
version of I1 into 111, which happens to have the same chemical shift as XI/XII under 
the stated reaction conditions. 
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CONCLUSIONS 


0-Methylhydroxylamine rapidly reacts with tautomers I1 and I11 a t  
neutral pH to quantitatively produce an -60:40 mixture of the E and Z 
isomers of aldophosphamide 0-methyl oxime, XI and XII. Assuming that 
oxime formation occurs by condensation of the amine with aldehyde 111, 
it follows that the rate of ring-opening of cis- and trans-I1 to give I11 must 
be relatively fast, since 31P-NMR analysis of the reaction mixture showed 
that these hemiaminals are no longer detectable after -10 min at  37’. 
The 0-methyl oximes of 111 are resistant toward hydrolysis of the oxime 
functionality, fragmentation into IV and V, and transoximination with 
either acetone, acetaldehyde, or formaldehyde. In concert, these features 
lend themselves to the use of 0-methylhydroxylamine as an effective 
trapping agent for studies of cyclophosphamide metabolites I1 and 111. 
Investigations of enzymatic and chemical regeneration of 111 from XIKII  
in the design of new anticancer prodrugs will be reported in another 
study. 
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Abstract Methods for the analysis of hydrocortisone drug substance, 
tablets, and enema were developed using adsorption high-performance 
liquid chromatography (HPLC). This HPLC system was shown to be 
capable of isolating hydrocortisone from its degradation products, syn- 
thesis precursor, and related corticosteroids. The accuracy, precision, 
and linearity of the HPLC assay methods and their applicability to 
commercial products has been demonstrated. 


Keyphrases 0 High-performance liquid chromatography-analysis of 
hydrocortisone drug substance, tablets, and enema 0 Hydrocorti- 
sone-analysis of drug substance, tablets, and enema using high-per- 
formance liquid chromatography 0 Degradation products-separation 
from hydrocortisone, high-performance liquid chromatography 


The majority of reported analytical methods for corti- 
costeroids utilize blue tetrazolium (1-101, isoniazid (ll), 
or phenylhydrazine (12, 13) reactions, UV spectropho- 
tometry (14), or high-performance liquid chromatography 
(HPLC)’ (15-22). 


The methods for determining hydrocortisone products 


E. Bunch, Food and Drug Administration, Seattle, Wash., unpublished work 
(1975). 


in the last four revisions of the United States Pharmaco- 
peia (USP) (2,23-25) have employed the blue tetrazolium 
reaction as the final determinative step. This is preceded 
by extraction or thin layer chromatographic (TLC) isola- 
tion of the active ingredient. Interferences and critical 
parameters of the reaction have been reported (6-9,26). 


HPLC is rapidly becoming the method of choice for the 
analysis of many drugs, and numerous applications of this 
technique to hydrocortisone are reported in the literature. 
The majority of published methods utilize reversed-phase 
systems (15-20). Recent reports, however, demonstrate 
that normal-phase adsorption chromatography offers 
greater selectivity for closely related corticosteroid 
structures2 (21-22). 


This study was undertaken to develop an HPLC system 
suitable for the analysis of hydrocortisone products and 
to compare the relative advantages of the USP and HPLC 
methods. Accuracy, precision, specificity, indication of 


~~ ~ ~ 


M. J. Walters, Food and Drug Administration, Detroit, Mich., unpublished 
work, presented a t  the 6th Annual Meeting of the Federation of Analytical Chem- 
istry and Spectroscopy Societies (1979). 
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Pharmacokinetic Profile of Progabide, a New y -Aminobutyric 
Acid-Mimetic Drug, in Rhesus Monkey 
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Abstract The pharmacokinetic profile of progabide was investigated 
in five chronically catheterized male rhesus monkeys. The experimental 
design included single-dose intravenous bolus and oral administration 
a t  two dose levels (50 and 100 mg) and zero-order intravenous infusion 
for 7 days. Plasma samples were analyzed by electron-capture-GLC. 
Protein binding of the drug was determined by equilibrium dialysis (4'). 
A one-compartment open model with monoexponential decay was pro- 
posed to describe the pharmacokinetics. The mean parameters ( fSEM)  
of the 50- and 100-mg iv bolus were: total body clearance, 2.09 (f0.15) 
and 1.53 (f0.18) liter/hr/kg; half-life, 0.656 (f0.054) and 0.789 (f0.079) 
hr; distribution volume, 1.97 (f0.08) and 1.79 (f0.21) literkg. Progabide 
was highly bound to plasma proteins and also to erythrocytes. The drug 
was rapidly absorbed (TmaX < 1 hr a t  both doses). The mean bioavail- 
ability was attributed principally to a first-pass effect. In the constant 
rate infusion study, systemic clearance was larger than that of the single 
dose studies. 


Keyphrases 0 Progahide-pharmacokinetics in rhesus monkeys, plasma 
bioavailability Bioavailability-pharmacokinetics of progabide in 
plasma of rhesus monkeys Pharmacokinetics-bioavailability of 
progabide in plasma of rhesus monkeys Electron-capture-GLC- 
determination of progabide in rhesus monkey blood plasma, bioavail- 
ability, pharmacokinetics 


Progabide' is a new y-aminobutyric acid-mimetic drug 
with a broad spectrum of anticonvulsant activity (1-6). 
Progabide was designed to be a carrier of y-aminobuty- 
ramide into the central nervous system where it would be 
broken down and release y -aminobutyramide. 


The present study was undertaken to characterize the 
pharmacokinetic behavior of progabide in the rhesus 
monkey in view of its efficacy testing in the chronic epi- 
leptic monkey model. 


EXPERIMENTAL 


Five healthy male rhesus monkeys (Macaca mulatta) (2.7-3.8 kg) were 
used in this study. The monkeys were maintained on fresh fruits and 
monkey chow and chaired for the duration of the study. Each monkey 
had two chronic catheters, one for drug administration (femoral vein) 
and one for blood sampling (jugular vein). The experimental design in- 
cluded single-dose and chronic administration studies. In the single-dose 
studies, each monkey received 50 or 100 mg of the drug intravenously and 
orally in a randomized fashion. The drug was dissolved in 100% poly- 
ethylene glycol 40O2 at  concentrations of 25 and 50 mg/ml. Two milliliters 
of this solution was injected over 5 min through the femoral vein or ad- 
ministered by intranasal gastric intubation. Fourteen (50-mg dose) or 
15 (100-mg dose) blood samples were collected over a 5-6-hr period. 
Ethylenediaminetetraacetic acid tripotassium salt was used as an anti- 


SynthClaho-L.E.R.S., Paris, France. 
J.  T. Baker Chemical Co., Phillipshurg, N J  08865. 


coagulant, and the blood samples were stored in ice. They were centri- 
fuged a t  4' and the separated plasma was frozen immediately. The 
samples were kept frozen until assayed. Some blood samples were also 
frozen to determine the blood level of the drug and the total blood 
clearance in each monkey. 


I 


transport  act ion --- 
fYoH 


I 
c1 


0 


I 


The chronic administration studies consisted of constant rate intra- 
venous infusion for 7 days. The drug was dissolved in 80% polyethylene 
glycol 400 a t  a concentration of about 3 mg/ml (1.91-3.84 mg/ml), and 
the infusion rate was 1 ml/hr. Blood samples were collected during the 
accession to steady state (0-6 hr), on a daily basis during steady state, 
and during the post steady-state decay phase. 


Protein binding of progabide was measured by equilibrium dialysis 
a t  4' to minimize the degradation of drug in plasma. A volume of 0.7 ml 
of pooled monkey plasma, and an equal volume of isotonic phosphate 
buffer system (pH 7.41, were used. The dialyzing system consisting of 
plexiglass cells was rotated a t  a rate of 10 rev/min for 12 hr. The dialysis 
was carried out with spiked plasma samples with concentrations ranging 
from 0.4 to 34.6 pg/ml (determined postdialysis). The drug on both sides 
of the membrane was analyzed by electron-capture-GLC. 


Progabide concentrations were determined by the method of Gillet 
and Dring3 using a GLC equipped with electron-capture detector4. The 
column consisted of 3% OV-17 on Chromosorb W-HP (column length 
was 184.3 cm and 2-mm i.d.). Temperatures of detector, injection port, 
and oven were 300,250, and 240°, respectively. An analog of progabide, 
[a-(chloro-4'-phenyl)chloro -5- hydroxy-2-benzylideneamino]-4-butyr- 
amide, was used as the internal standard. 


Areas under intravenous and oral curves were calculated by the trap- 
ezoidal method (with extrapolation to infinite time). Systemic clearance 
was determined by dose-area ratio. Oral bioavailability was calculated 
by ratio of oral and intravenous areas. 


Unpublished method, 1978. 
Model 5710A. Hewlett-Packard. Palii Alto. CA 94304. 
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Table I-Pharmacokinetic Parameters of Progabide in the Monkey following Intravenous Bolus Administration at Two Doses 


Systemic Plasma 
Clearance, 


Volume of 
Distribution. Half-Life. -, ~~.~~ 


Monkey Body Weightb, liter/hr/kg liter/kg hr 
Number kg 50 mg 100 mg 50 mg 100 mg 50 mg 100 mg 


564A 3.15 2.30 - 1.85 - 0.552 - 
514A 
706A 
574A 
020 


3.47-3.71 1.96 1.70 1.81 1.47 0.643 0.556 
2.65-3.14 2.11 1.92 2.27 2.33 0.729 0.838 
3.10-3.80 1.60 1.09 1.95 1.42 0.822 0.901 
3.50-3.53 2.50 1.40 1.96 1.92 0.532 0.860 


Mean 2.09 1.53 1.97 1.79 0.656 0.789 
( S E W  (0.15) (0.18) (0.08) (0.21) (0.054) (0.079) 
Paired t test (n = 4) NS NS NS 


50 and 100 mg. The two values represent weights a t  beginning and end of experimentation period. 


Table 11-Pharmacokinetic Parameters of Progabide in the 
Monkey following Oral Administration at Two Doses a 


Half-Life, 
Monkey hr Bioavailability, % 
Number 50mg 100mg 50mg 100mg 


564A 
514A 


0.615 - 29.1 - 


0.704 0.594 40.3 31.9 
706A 0.821 1.02 69.3 87.0 ~ .- 


574A 0.6Zi 0.852 49.0 33.7 
020 0.685 0.804 46.5 21.8 
Mean 0.687 0.818 46.8 43.6 
(&EM) (0.038) (0.088) (6.6) (14.7) 
Paired t test ( n  = 4) NS NS 


50 and 100 mg. 


RESULTS AND DISCUSSION 


Single-Dose Intravenous Studies-Representative semilog plasma 
concentration-time curves obtained for the two intravenous bolus doses 
in monkeys 574A and 706A are shown in Figs. 1 and 2. The continuous 
lines were obtained by nonlinear least-squares fitting of experimental 
data points to a monoexponential equation. A summary of the phar- 
macokinetic parameters obtained from intravenous bolus administration 
is presented in Table I. 


Progabide has a large systemic clearance, large distribution volume, 
and short biological half-life. The total body clearance at  the 50- and 
100-mg doses ranged from 1.60 to 2.50, and 1.09 to 1.92 liter/hr/kg, re- 
spectively. The distribution volume at the same doses ranged from 1.81 


Table 111-Protein Binding of Progabide in Monkev Plasma 


Concentration, 
d m l  Free Fractiona 


~~ 


0.42 0.020 f 0.005 
0.75 0.030 f 0.009 
1.49 0.027 f 0.0005 
3.47 0.035 f 0.003 
8.91 0.051 f 0.001 


34.61 0.049 f 0.003 


a Values are the mean iSD of three determinations. 


to 2.27 and 1.42 to 2.33 liter/kg, respectively. The apparent half-life at 
the 50-mg dose ranged from 0.53 to 0.82 hr and, a t  the 100-mg dose, from 
0.56 to 0.90 hr. Although progabide clearance decreased with dose in all 
four monkeys, statistical comparison showed no significant difference 
( p  = 0.088). There was also no apparent dose dependency in distribution 
volume or elimination half-life. 


The progabide blood-plasma ratio was calculated in four monkeys and 
the mean value (&%EM) was 0.700 f 0.019. Hematocrit was also mea- 
sured in three monkeys with a mean of 36% yielding a mean red blood 
cell-plasma ratio of 0.17. If the free fractions found i n  uitro are applicable 
in uiuo, it would suggest that progabide binds to erythrocytes. 


Urinary excretion of unchanged drug was negligible during 24 hr. The 
large plasma clearance and low blood-plasma ratio of progabide suggest 
that progabide has a medium to high extraction ratio in rhesus monkeys 
(assuming all metabolism is hepatic and nonrenal elimination of proga- 
bide is negligible). 


Single-Dose Oral Studies-Figures 3 and 4 show the plasma con- 
centration-time profiles and bioavailability obtained following two single 


I I 
I I 1 I I 


1 2 3 4 5 6 
HOURS 


Figure 1-Semilog plasma-time curue after intravenous bolus ad- 
ministration of progabide (50 mg, 0; 100 mg, 0 )  in monkey 574A. 


Figure 2-Semilog plasma-time curve after intravenous bolus ad- 
ministration o f  progabide (50 mg, 0; 100 mg, 0 )  in  monkey 706A. 
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Table IV-Pharmacokinetic Parameters of Progabide Derived from Constant Rate Infusion Studies 


Steady-State Systemic 
Plasma Concen- Plasma Postinfusion 


Monkey Infusion Rate, tration, Clearance, Half-Life, 
Number mghr  mghter liter/hr/kg hr 


514A 2.03 0.237 2.47 0.831 
706A 1.92 0.314 2.31 1.028 


1.62 0.236 2.21 0.666 574A 
020 2.84 0.292 2.76 
Mean 2.10 0.270 2.44a 0.842 
( & S E M )  (0.26) (0.020) (0.12) (0.09) 


- 


Using a two-way ANOVA, the levels of significance for the pairwise comparisons of infusion clearances to those of single dose studies were p = 0.071 for infusion ucrsus 
50-mg dose and p = 0.0023 for infusion versus 100-mg dose. * p > 0.05 when compared with single intravenous bolus studies using ANOVA. 


oral and intravenous bolus doses in one monkey. Plasma half-life and 
bioavailability are tabulated in Table 11. Progabide was absorbed rapidly 
and typically reached maximum plasma levels -1 hr postdose. The bio- 
availability was between 29 and 6% with a mean (*SEM) of 46.8 (f6.6)% 
for the 50-mg dose and between 22 and 87% with a mean ( h S E M )  of 43.6 
(f14.7)% for the 100-mg dose. There was no significant difference be- 
tween the bioavailabilities of both doses ( p  >0.05). The incomplete bio- 
availability is probably due to a first-pass effect and not to poor ab- 
sorption. Based on a mean extraction ratio, the mean bioavailability was 
calculated to be 34%, which is in agreement with experimental findings. 
This calculation assumed complete metabolism in the liver with a hepatic 
blood flow of 13 literhr (7,8). 


Postabsorption half-lives ranged between 0.6 and 0.8 hr at the low dose, 
and between 0.6 and 1.0 hr at the high dose. These are in agreement with 
the corresponding intravenous data. 


Protein Binding Studies-Protein binding of progabide was deter- 
mined in uitro with plasma concentrations ranging from 0.4 to 34.6 pg/ml. 
Free fractions ranged between 0.020 and 0.051 (Table 111) showing that 
progabide is highly bound to plasma proteins. Binding appeared con- 
centration-dependent in this plasma level range. 


Chronic Dosing Studies-A 7-day continuous zero-order infusion 
study was performed to test for the presence of any time dependency. A 
representative plasma concentration-time plot is shown in Fig. 5 and a 
summary of the pharmacokinetic parameters in four monkeys is given 
in Table IV. Steady state was achieved in a few hours as predicted from 


the single-dose studies. Steady-state plasma concentrations ranged be- 
tween 0.24 and 0.31 mghiter with infusion rates of 1.6-2.8 mghr. Sys- 
temic clearance values, ranging from 2.21 to 2.76 literhhcg, were larger 
than those obtained in single-dose studies. These differences reached 
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Figure 4-Plasma concentration-time curve after the intrauenous bolus 
(a) and oral (0) administration of 100 mg of progabide. 
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Figure 3-Plasma concentration-time curve after the intravenous bolus 
(e) and oral (0) administration o f 5 0  mg ofproyabide. 
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Figure 5-Plasma concentration during (e) and after (0) the  intra- 
venous infusion of progabide in  monkey 514A. 
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significance for the comparison of the infusion values with the 100-mg 
dose. Post steady-state disappearance half-lives ranging from 0.67 to 1.03 
hr were not different from the single-dose data, (the increase in the 
postinfusion plasma concentration seen in Fig. 5 was due to flushing of 
the catheter with saline at the time the infusion was stopped). No time- 
dependent change in clearance or half-life was exhibited over the 1-week 
period of the study. 


In the rhesus monkey, progabide behaves as a medium extraction ratio 
drug with incomplete bioavailability and first-order disappearance ki- 
netics. I t  exhibits nonlinearity in plasma binding in uitro. There was a 
tendency for systemic clearance to decrease within a two-fold dose range. 
Progabide exhibited no evidence of time dependency in clearance during 
chronic infusion. 
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Abstract  0 A rapid, reproducible high-performance liquid chromato- 
graphic system for the determination of ethinyl estradiol in solid dosage 
forms consisting of a reversed-phase column with a mobile phase of 0.05 
M aqueous KHzPOd-methyl alcohol (23) and fluorescence detection has 
been developed. This stability-indicating method is applicable to tablets 
containing ethinyl estradiol alone or in combination with methyltestos- 
terone and progesterones. The procedure has been used for the deter- 
mination of ethinyl estradiol in single tablets, stability samples, and 
dissolution medium. Recovery of drug substance added to placebo was 
from 97.3 to 101.5% in stability and single-tablet assays, and 95.4 to 
102.2% in dissolution assays. Reproducibility studies gave relative 
standard deviations of 0.4-2.2%. 


Keyphrases Ethinyl estradiol-high-performance liquid chromato- 
graphic analysis, stability, content uniformity and dissolution assays 
High-performance liquid chromatography-analysis, ethinyl estradiol, 
fluorescence detection 0 Estrogens-ethinyl estradiol, high-performance 
liquid chromatography, analysis of solid dosage forms 


Ethinyl estradiol (I), a well known estrogen, is used in 
hormonal therapy, contraception, and certain cancer 
treatments. The steroid may be prescribed either alone, 
as in treatment of estrogen deficiency, or in combination 
with a progesterone in contraceptive formulations. 


Current methods for the analysis of ethinyl estradiol 
include both wet chemical (1-4) and chromatographic 
methods. Among the latter are gas chromatography (GC) 
(5 )  and high-performance liquid chromatography (HPLC) 
with UV detection (6-10). 


OH 
&CECH 


Determination of ethinyl estradiol by HPLC has been 
hampered by low sensitivity, as the administered dosages 
may be as low as 10 pghablet. To counter this lack of sen- 
sitivity, several investigators have proposed analyzing 
composite samples of up to 10 tablets (7,8). While useful 
for stability assays, this approach is not suitable for either 
content uniformity or dissolution assays. Other investi- 
gators have increased detection sensitivity by using pre- 
column derivatization with dansyl chloride and fluores- 
cence detection (11,12). A much simpler approach is to use 
the native fluorescence of the phenolic ring of the steroid; 
this method has been used for normal phase HPLC of es- 
trogens (13) and of ethinyl estradiol in cosmetics (14, 
15). 


A reversed-phase HPLC system with native fluorescence 
detection for the determination of ethinyl estradiol in solid 
dosage forms is described. The proposed method, which 
requires minimal sample preparation, is not only stabil- 
ity-indicating but also sensitive enough for use in content 
uniformity and dissolution assays. 


EXPERIMENTAL 


Materials-HPLC grade methyl alcohol’, o-phenylphenoP, and po- 
tassium phosphate monobasic crystals2 (KH~POI)  were obtained from 
commercial sources. Ultrapure w$er was prepared by deionization, 
treatment for removal of organic compounds, and filtering3. 


Apparatus-The high-performance liquid chromatograph was 
equipped with a constant flow pump4, an automatic injector5, a fluores- 


Mallinckrodt, Inc., Paris, KY 40361. 
Matheson, Coleman and Bell, Cincinnati, OH 45212. 


Model M6000A Chromatography Pump, Waters Associates, Milford, MA 
3 Milli-Q Water Purification System, Millipore Corp., Bedford, MA 01730. 


01757. 
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WISP Model 710A Automatic Injector, Waters Associates, Milford, MA 
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to nonsaturation of specific absorption sites, was demonstrated previously 
for riboflavin (17). 


Increasing the accompanying water volume in fasted subjects might 
be expected to increase the dissolution rate of chlorothiazide and to ac- 
celerate the stomach emptying rate (7). However, neither factor should 
markedly alter the absorption efficiency of chlorothiazide. Faster stomach 
emptying would increase the rate a t  which drug passes the active ab- 
sorption site and, hence, reduce its bioavailability. Faster dissolution 
should have little effect since chlorothiazide has been shown to be only 
25% bioavailable when dosed as an oral solution,(6). 


I t  is instructive to compare chlorothiazide plasma levels and urinary 
excretion as indicators of chlorothiazide bioavailability. The mean urinary 
recoveries of chlorothiazide from Treatments A, 3, and C were 12314.9, 
and 24.7% of the dose, respectively, while the respective areas under the 
plasma curves to 48 hr were 3.0,3.4, and 6.4 pg hr/ml, indicating excellent 
agreement between plasma and urine data. The overall correlation be- 
tween the percentage of dose excreted and the areas under the plasma 
level curves was 0.726 (p < 0.001), while the correlation between peak 
drug levels in plasma and percent excretion was somewhat lower a t  
0.480. 


Similarly, the mean ratios of the percentage of dose excreted between 
Treatments A and B, A and C, and B and C were 0.87,0.51, and 0.63; the 
equivalent ratios of areas under the plasma curves between these treat- 
ments were 0.92,0.47, and 0.57. 


To compare the kinetics of chlorothiazide recovery in urine with those 
of drug loss from plasma, the urinary excretion rates following the three 
treatments were calculated a t  the midpoint of each urine collection in- 
terval and the mean values were plotted along with the plasma levels in 
Figs. 1-3. Comparison of the curves indicates close similarity between 
the urinary excretion rates and plasma chlorothiazide levels throughout 
the entire sampling period. 


Chlorothiazide absorption, which is normally poor, is doubled by the 
presence of food. This fact, together with the insensitivity of chlo- 
rothiazide absorption to varying fluid volumes, supports the view that 
chlorothiazide absorption is saturable and occurs a t  a particular site in 
the GI intestinal tract (5, 6). For optimal absorption, chlorothiazide 
tablets should be taken with or immediately after meals. 
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Abstract  0 It is shown that in tray drying wet granulated materials, the 
expected log-linear plots give slopes that are inversely proportional to 
the bed depth, rather than to the depth squared. A model is proposed for 
this giving diffusion coefficents of the order of magnitude expected for 
liquid-water diffusion. The temperature dependence also suggests that 
this is the rate-limiting process rather than vapor diffusion. 


Keyphrases 0 Tray drying-wet granulated materials, mathematical 
models Models, mathematical-tray drying of wet granulated materials 
0 Granulations-tray drying, mathematical models 


The drying of granulations is an important pharma- 
ceutical operation and tray drying is a frequently used 
method of water removal. The way in which drying takes 
place from a tray (1-3) can be visualized in several ways. 
The drying could be a function of the individual granule 
rather than of the mass of granules, i .e.,  the bed. In that 
case, the bed thickness would not be a factor (in fluid bed 
drying it is not of great importance). However, bed thick- 
ness is important, and the drying is a function of the 
properties of the bed. In this case there are two possibili- 
ties: (a) either the movement through the void space be- 


tween the granules is important (i.e.,  the vapor diffusion 
is rate determining), or ( b )  the drying is primarily from the 
bed surface, and liquid movement up through the bed 
maintains a water concentration profile in the bed. 


BACKGROUND 


In the following discussion, the nomenclature outlined in Fig. 1 will 
be used. The bed is I-cm deep, has a porosity of c ( ix . ,  a solids fraction 
of (1 - c)). I t  has a cross-sectional area of A em2. The density of an an- 
hydrous granule is p gm/cm3. The wet granulation before drying contains 
C* g of moisture per g of anhydrous solid, and after drying contains c g 
of moisture per g of anhydrous solid. If c is the equilibrium concentration, 
then C* - c = CO is the initially removable moisture concentration, and 
C’ - c = C is the moisture concentration which is removable a t  time t .  
The latter is the quantity which will be dealt with in the following dis- 
cussion. Granules containing c g of moisture/g of anhydrous weight will 
be denoted dry. If x is a distance coordinate measured from the top of 
the bed (Fig. 11, then the diffusional equation governing the situation 
is Fick’s law, i.e., at time t :  


aciat  = Iiazc/aXz (Eq. 1) 


where D is the diffusion coefficient of water. Crank (4) solved this 
equation using the following boundary conditions: C = 0 a t  x = 0, for t 
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Figure 1-Schematic of drying from a bed. 


> 0 (no moisture on the surface); C = CO for 0 < x < 1 a t  t = 0 (the same 
amount of moisture exists a t  each point throughout the interior a t  time 
zero); and dC/dx a t  x = 0 equals zero for t > 0. Under these conditions 
it can be shown that Eq. 1 leads to the equation: 


ln(M/Mo) = -Jz20/(4l2)1t + ln(8/n2) = -k t  - 0.2 (Eq. 2) 


where M is the amount of removable water or the volume multiplied by 
(C’ 7 c). The equatiop is valid after a short lag time, and is based on the 
stated boundary conditions. For tray drying of granulations, the condition 
that the surface moisture for t > 0 is zero, is questionable. In Eq. 2. k is 
a drying rate constant given by: 


k = -7?0/(412) 0%. 3) 


This equation predicts that the drying data (after a short lag time) 
should be log-linear when the amount of removable moisture is plotted 
uersus time. This drying profile is encountered frequently (e.g., in the 
so-called falling-rate period). The drying rate constant should have the 
same temperature dependence as D, the diffusion coefficient for liquid 
water. Furthermore, k should be inversely proportional to the second 
power of the bed thickness. 


If vapor diffusion through the bed is the rate-limiting step (3-9), it is 
the movement through the void space of the bed which is rate-limiting. 
The change from constant to falling rate was postulated (10) to be the 
change from a process where there is capillary action within the granule 
to one where there is moisture movement within the void space of the bed. 
Beyond this some authors (11-13) considered the drying as a receding 
front down through the bed. This was shown to be feasible (14), and for 
a fine powder the diffusion coefficient is equal to that of water vapor 
diffusion. 


In this type of drying there will be a dry part containing c g of mois- 
ture/g of anhydrous solid ( x  cm in Fig. 1) and a wet part containing CO 
g of moisture/g of dry solid [the lower (1 - x )  cm in Fig. I]. Drying occurs 
by vapor diffusion over a thickness of x cm through a free cross-section 
of A€ cm2. Fick’s law now takes the form: 


-(l/[Ac]) d M / d t  = H P / x  (Eq. 4) 


for a steady state where II is a permeability constant, and P is the water 
vapor pressure. This is assumed equal to zero in the air stream. There is 
CO g of moisturdg of dry solid in the lower (1 - x )  cm of the bed and it is 
apparent that P is a function of CO. 


Figure 1 shows that in drying a section of thickness d x ,  the amount of 
water removed is: 


-dM = Cop(l - €)A d x  (Eq. 5 )  


[Copl(l - t ) /c l]dx/dt  = PJWx (Eq. 6) 


which can be integrated, taking initial conditions into account, to give: 


x z F . 6  (Eq. 7) 
where: 


(Eq. 8 )  
The removable moisture content in the bed a t  time t (neglecting the 
amount in the vapor phase) is M = Co(1- x ) A (  1 - r )p ,  and that at  time 
zero it is Mo = ColA(1 - c)p (Fig. l ) ,  so that: 


M/Mo = 1 - ( x / l )  = 1 - (F/1)  * & (Eq. 9) 
Equation 9 predicts a drying rate which is a square root of time depen- 
dence and where the rate constant is K ,  given by: 


K = F/1 (Eq. 10) 


Introducing Eq. 5 into Eq. 4 then gives: 


F* = ~ P I I ~ / I C ~ ( ~  - 


i.e., inversely proportional to bed depth. 
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Figure 2-Typical drying profile i n  tray drying. T = 50°, 1 = 1.91 cm 
in.). 


The above hypotheses (Eq. 2 and Eq. 9) are a priori possible for tray 
drying. The model leading to Eq. 9 would seem more logical in the drying 
of wet granulations. Several reports (15-18) have reported this type of 
drying. Some investigators (17, 18) have shown that the equilibrium 
granule is primarily a fairly coarse and porous body. In tray drying the 
bed is loosely spread and fairly shallow (19-21), and movement in the 
highly porous space is probably not rate limiting. Nevertheless, the 
present report will show that some inconsistencies exist relating to Eq. 
9, and the purpose of the present report is to probe which of the two sit- 
uations (if any) actually exists. If neither applies an alternate model 
consistent with the data presented will be suggested. 


EXPERIMENTAL 


Granulations were made in the following manner: 5.75 kg of lactose 
USP and 0.8 kg of cornstarch USP were mixed in a sigma-type blender’, 
2 liters of cornstarch paste containing 10% cornstarch were added, and 
the mass kneaded for 15 min. I t  was passed through a No. 4 hand screen 
and spread onto a drying tray, which was placed in a tray drying oven*, 
The tray was removed a t  given intervals and weighed i n  toto on a bal- 
ance3. The temperature was recorded on a digital readout thermometer4. 
Weights were usually monitored every hour for the complete drying pe- 
riod. Experiments were carried out a t  five bed depths and four different 
temperatures, as shown in Table I. 


DISCUSSION 


It should first be stated that the drying curves in this study were all 
semilogarithmic in time (Fig. 2). Hence, Eq. 9 is not obeyed in the strictest 
sense. Equation 2, however, is not strictly obeyed either. The drying 
curves have intercepts close to zero5 (or slightly above), certainly not close 
to -0.2. The least-squares fit values for the slopes and intercepts are 
shown in Table I. Adherence to the semilogarithmic relation ln(M/M,) 
= -k*t  seems excellent under all conditions. 


The conventional diffusion model.leading to Eq. 2 requires that the 
rate constants, k ,  be inversely proportional to the second power of the 
bed depth. A plot of In k uersus In 1 is shown in Fig. 3. This plot has a slope 
of --1.0 and hence k appears to be inversely proportional to 1 and not 
inversely proportional to 1 2 .  The model leading to Eq. 2 fails on two points. 
Equation 9 would appear to fail based on the time dependence, but the 
bed thickness effect, on the surface, would be of the correct dependence. 
The following presents a probe of whether Eq. 9 could indeed be the 
correct model. This is in spite of the time dependence failure. This may 


2-bar blender, J. H. Day Co., Cincinnati, Ohio. 
Stokes model 38A dryer. Tray is 71.1 cm X 88.9 cm (28 in. X 35 in.) Oven is 91.4 


cm (36 in.) wide and 144.8 cm (57 in.) high with pilot tube. It is 82.55 cm (32.5 in.) 
deep and has a 16-tray capacity. The air velocity is 8.93 ma/min (280 fta/min). 


Mettler, P.S. 30. 
Mensor Co. platinum probe thermometer with digital readout. 
It should he pointed out that  the models presented do not account for thermal 


effects. The time required for initial thermal equilibrium, experimentally, could 
account for the zero or slightly positive intercepts. 
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Table I-Least-Squares Parameters  for the Drying Data  (Eq. 2) 


Thickness Negative of Correlation 1000/T, In k(adjusted 
Temperature 1, cm In 1 Intercept Slope, k hr Coefficient, r2 OK-' In k to 12.5')" 


60' 2.54 0.93 0.1073 0.1595 0.997 3.002 -1.836 -3.828 
60 O 2.54 0.93 0.1110 0.1472 0.995 3.002 -1.916 -3.908 
55' 2.54 0.93 0.0480 0.119 0.999 3.047 -2.129 -3.941 
50' 5.08 1.63 0.0086 0.0481 0.999 3.104 -3.034 -4.618 
50' 2.54 0.93 0.034 0.1045 0.999 3.095 -2.259 -3.879 
50' 2.54 0.93 0.040 0.0992 0.999 3.095 -2.311 -3.931 
50' 1.91 0.65 0.0877 0.1544 0.997 3.104 -1.868 -3.452 
40' 1.27 0.24 0.059 0.116 0.998 3.193 -2.154 -3.096 
40' 1.91 0.65 0.031 1 0.1028 0.999 3.193 -2.275 -3.382 
40" 1.91 0.65 0.110 0.1093 0.984 3.193 -2.214 -3.503 
40' 2.54 0.93 0.019 0.0697 0.999 3.193 -2.663 -3.442 


(I It is shown at a later point that the activation energy fork is 8,000 cal/mole. The adjustment to 12.5' (1/T = 0.0035) has hence been made by the formula: In k(l2.5') 
= In k - 4000(0.0035 - 1/T) = Ink - 14 + 4(1000/T) where Ink is the value listed in the next to the last column. The average value of In k at a 2.54-cm depth (six values) 
is -3.822 with a standard error of the mean of 0.078 and the average vaue of In k at a bed depth of 1.91 cm (three values) is -3.446 with a standard error of the mean of 
0.035. The means and 95% confidence limits are shown in Fig. 3. The least squares fit of In k(25') regressed on In 1 for all the values (11 points) is: In k(25') = -1.11 In 
1 - 2.754 (correlation coefficient: -0.938). 


not be serious since it has been shown (23) that in limited ranges, square 
root relations may have the appearance of semilogarithmic plots. 


To evaluate this, theoretical values of MIMo have been calculated for 
various drying times, t ,  according to Eq. 9 (Table 11). The total drying 
time, B, for situations given by Eq. 9 are the points in time where M 
reaches zero a t  x = 1, i .e.,  where (FA) - fi = 1. If, for example, this were 
9 hr, then ( F I l )  = 1/3. Values for 0 are shown in the headings of Table I1 
for four chosen values of ( F / l ) .  Once (F/1) is fixed one can calculate M 
for various times; four time values ( t  = 1,2,3, and 4 hr) are chosen here 
and are shown in Table 11. The value of In(MIM0) calculated for each 
value of t  is shown in the table. For each value of (F/1) there are hence 
four values o f t  and ln(M/Mo). The least-squares fit of 


ln(MIM0) = -k"t + b (Eq. 11) 


has been calculated and the least-squares f i t  parameters for slope (-k") 
and intercept ( b )  shown (Table 11). The correlation coefficients are good, 
showing that the square root data are well approximated by a log-linear 
equation (Eq. 2) for the four chosen values of ( F A ) .  The intercepts are 
close to zero. An explanation for the approximation is given in Appendix 
I. 


I t  is seen from the last two lines in Table I1 that there is a connection 
between the calculated values of k" and the chosen values of (F/l). This 
is presented graphically in Fig. 4, and good linearity seems to exist 
demonstrated by the fact that  the least-squares fit: 


In k "  = 2.24 ln(F/l) + 1.055 (Eq. 12) 
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Figure 3-Drying rate constants (adjusted to  standard temperature) 
as a function of bed depth. Detailed data are shown in Table I .  Least- 
squares fit is In k = -1.14, In 1-2.754. 


has a correlation coefficient of 0.997. Hence k" is approximately inversely 
proportional to the bed depth squared. Equations 2 and 9 are therefore 
experimentally indistinguishable. When the amount of removable 
moisture is plotted logarithmically versus time, approximately straight 
lines will occur in both cases. According to either model, however, the 
drying rate constants should be inversely proportional to the bed depth 
squared (or raised to a power higher than 2). Over a longer period of 
drying time the approximation leading to Eq. 11 is less precise and the 
treatment, so far, would favor some model based on the general principles - .  
leading to Eq. 2. 


The original boundarv conditions leading to Ea. 5 are that C = 0 a t  the 
surface, tiat C equals a non-zero value acthe iiterior, and that dCldx 
is equal to zero a t  t > 0 right a t  the surface of the bed. Other reasonable 
concentration profiles can be visualized in the interior as shown in Fig. 
5. In this figure it is assumed that the moisture content increases steadily 
(although not linearly) down through the bed; it attains its largest value 
a t  the bottom (x = 1 )  and is smallest a t  the surface (x = 0). The profile 
will change with time; both C(1) and C(0) will decrease. If it is assumed 
that C(1) is proportionally larger than C(0) at all times, so that: 


C(1) = yC(0) (Eq. 13) 


a t  all times (where y is a time-independent constant), then it is possible 
to find a trigonometric function such that Eqs. 1 and 13 are both satisfied 
and that the drying rate constant k will be inversely proportional to the 
bed depth, 1. The function: 


C ( x , t )  = (p  sin Ax + cos Ax) .exp(-X2Dt) (Eq. 14) 


is a solution to Eq. 1 (p  and X are constants discussed later). It will obey 
Eq. 13 provided that: 


y = p sin A1 + cos X1 (Eq. 15) 


which is simply a numerical requirement implying time independence. 
For k (= X2D) to be proportional t o  l - l ,  it is necessary that X6 be pro- 


portional to L - 1 f 2 ,  or: 


= 01. l - l f 2  (Eq. 16) 


For the function to be monotonically increasing in the interval (i .e. ,  
having no maximum, which would occur if the trigonometric argument 


Table  11-Data Adhering to Eq. 9 Treated According to  Eq. 11 


Parameter 
ln(M/Mo) at Time t 


6 9 12 15 


1 -0.52 -0.41 -0.34 -0.30 
2 -0.86 -0.64 -0.52 -0.45 
3 -1.23 -0.86 -0.69 -0.59 
4 -1.70 -1.10 -0.86 -0.73 
(F/U 0.408 0.333 0.289 0.258 
Correlation coefficient, h ( M /  -0.997 -0.9999 -0,9999 -0.9999 


Mo) versus t 
k " 
Interceut 


-0.391 -0.229 -0.173 -0.143 
-0.1 -0.18 -0.17 -0.16 


ln(F/l)- -0.90 -1.11 -1.24 -1.35 
Ink" -0.94 -1.47 -1.75 -1.94 


Total drying time = 0. 
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Figure 4-Data from Table II (9 hr drying time); In M/Mo plotted as 
a function of time according to Eq. 9 for data adhering to Eq. 17. 


could have the value */2, Appendix II), it is necessary that: 


A1 < */4 (Eq. 17) 


f f l"2  < */4 so a I */(4\/T) (Eq. 18) 


Inserting this in Eq. 16 gives: 


The amount of moisture in the bed a t  time t is now given by: 


M = A ( l  - c)pe-X'Dr (/3 sin Ax + cos Ax)dx = s,' 
A ( l  - c)pe-X2DL(1/A)(sin A1 - cos A1 + 8) (Eq. 19) 


and a t  time zero it is: 


Mo = A ( l  - c)p(l/A.)(sin A1 - /3 cos yl + 0) (Eq. 20) 


Combining Eqs. 19 and 20: 


In(M/Mo) = - k*t  (Eq. 21) 


where: 


k *  = (cu2D/1) (Eq. 22) 


This has the correct dependence on 1 (as opposed to Eqs. 3 and 12). The 
treatment developed produced three models, two of them conventional 
(denoted A and B below) and one proposed (denoted C below), the latter 
based on a trigonometric concentration profile with boundary conditions 
different from A. The drying curves predicted by the three models 
are: 


model A; In(M/Mo) = -kt - 0.2 (see Eq. 2) 


(see Eq. 3) 


model B; In(M/Mo) = -k"t + b (see Eq. 11) 


(see Eq. 12) 


model C; In(M/Mo) = -k*t (see Eq. 21) 


(see Eq. 22) 


Models A and B fail on two counts: (a)  the experimental drying curves 
are log-linear with zero or slightly positive intercepts (Table I), and (b )  
the drying rate constants are experimentally proportional to l - l ,  not P2.  
This prevents calculation of D, the diffusion coefficient, by these. models. 
Model C, on the other hand, predicts zero intercepts and proportionality 
of drying rate constants to I-' when the fraction of removable moisture 
is plotted log-linearly in time. This is in accord with experimental results, 
and permits order of magnitude calculation of D. A test for the reason- 
ability of the model is therefore such a calculation, which should result 
in values of D in the range expected for a diffusion coefficient, and having 
a predictable temperature dependence. 


It is seen from the inequalities in &. 18 that a t  the limit, a is equal to 
~ / ( 4 & ) ,  which when inserted in Eq. 22 gives an upper limit for k of 


where k = -7r2D/(4P) 


where k "  is approximately proportional to l-2.5 


where k' = (cy'D/I) 


x= c 
DISTANCE FSOM SURFACE 


Figure 5-Anticipated moisture concentralion profiles in a tray (bed) 
a t  two different times, tl and t2. Curves are according to Ey. 14, and 
boundary conditions are according to En. 13. 


Dr2/(1612). The upper limit for D is then: 


D = 16k12/r2 (Eq. 23) 


At 50°, for instance (Table I), 1 = 2.54 cm. and k = 0.1 hr-l, so that: 


D = (16) (0.1) (2.54)2/(3600) (3.14)? = 28 X 10W cm'/sec, 
(Eq. 24) 


which is a reasonable upper limit. Wilburn, et al.  (23) quote a value of 
2 X cm2/sec a t  30' for the liquid diffusioncoefficient of water. On 
the other hand, the D-value in Eq. 24 is not in line with the vapor diffu- 
sion coefficient for water [which a t  8" is 0.25 cm2/sec, (24)]. 


The value for D determined in Eq. 24 is an upper limit. 
A second criterion is the temperature dependence. It is seen from Eq. 


22 that k* should have the same temperature dependence as D :  


In k' = In D + ln(a2/1) = - &/RT + N (Eq. 25) 


where N is a constant, and Ed is the activation energy for the diffusion 
coefficient of water. The data in Table I (2.54-cm hed depth) have been 
plotted in this fashion in Fig. 6. The least-squares fit line is 


Ink* = -(4015/T) + 1.021 ( r 2  = 0.99) (Eq. 26) 


where r2 is the correlation coefficient. Although the value for E d  (8030 
c a h o l )  is somewhat higher than that for the self-diffusion of water ( E d  
= 4000 cal/mole) (24), it is orders of magnitude different from the value 
of E d  for water vapor. 


The model C, where the positional dependence of moisture concen- 
tration is a single argument trigonometric term, and where the 


-l.*r 


-2.4 


-2.6 1 
1 I I L 


3.0 3.1 3.2 
1000IT. OK-' 


Figure 6-Arrhenius plot of drying rate constants, 2.54-cm bed. 
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boundary restriction is that the moisture concentration on the bottom 
of the tray (during steady state) is a constant (ix., time-dependent) factor 
times that on the surface, predicts a behavior in agreement with experi- 
mental data. The drying data are log-linear with a zero intercept. The 
drying constant is inversely proportional to bed depth and the drying rate 
constant is logarithmically linear with inverse temperature. The absolute 
magnitude of calculated diffusion coefficients and their temperature 
dependence are in fair agreement with that expected for liquid-water 
diffusion. 


APPENDIX I 


If the approximation: 


y = 1 - ( F A ) .  fi N (A = 1) (Eq. Al) 


holds, then: 


(1 - y ) 2  = ( F / l ) 2  - t = (1 - Ae-kt)2 
= (1 - 2A + A’) + t[2Ak(l -A) ]  + t2[Ak2(2A - l)] (Eq. A2) 


where the exponential expansion e x  = 1 +. x + x2/2 has been truncated 
for third and higher power terms. The requirements for the approxima- 
tion in Eq. A2 is that like power terms have equal coefficients, i.e.: 


1 -2A + A 2  N 1 (Eq. A3) 


(Eq. -44) 


(Eq. A5) 


= 2Ak(l - A) 


t2Ak2(2A - 1) = t2Ak(l - A )  


The last requirement is that t2Ak2(2A - 1) be zero or negligible, and this 
is equivalent to it being significantly smaller than the t term. 


The requirement in Eq. A3 is fulfilled when A = 1 or A = 2. Table I1 
shows that A = exp(-0.2) = 0.8, i.e., that A = 1. The second requirement 
is that (F/1)2 = 2Ak(l - A) N 0.32k, which in logarithmic form be- 
comes: 


In k = 2 ln(F/Z) - 1.14 (Eq. A6) 


which compares favorably with Eq. 12, and predicts that k should be 
proportional to 1-2 as stated in the text. 


The times for which the approximation can hold are deduced from Eq. 
A5 which can be rearranged to: 


t < 2(1 - A)/k (Eq. A7) 


where k is the range 0.1-0.4 in Table I1 (or 0.1-0.2 in Table I), and A is 
-0.8, so that: 


t < (2 0.8/0.1) to (2 - 0.8/0.4) = 4-16 (Eq. A8) 
as upper limits. The t values in Table I1 correspond to this. The k ,  (F/ l ) ,  
and t ranges used in Table I1 are within the bounds of the approxima- 
tion. 


APPENDIX I1 


The function: 


y = f l  sin Ax + cos Ax 


has the derivative: 


dy/dx = P A  cos Ax - A sin AX (Eq. A10) 


This equals zero when: 


tan Ax = f l  (Eq. A l l )  


/3 is at  least 1 (since C is higher a t  the bottom of the tray than at  the sur- 
face), so since tan(?r/4) = 1, it is necessary that in this limit: 


XI < */4 (Eq. A12) 
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Abstract LIA rapid, specific, and sensitive reversed-phase high-perfor- 
mance liquid chromatographic (HPLC) assay for the quantitative de- 
termination of all-trans- retinoic acid (I) or 13-cis-retinoic acid (11) in 
rat serum without extraction or lyophilization is described. Chromato- 
graphic separation from retinol, serum components, and retinol acetate 
standard was achieved on octadecylsilane-coated particles with aceto- 
nitrile-1% ammonium acetate as the eluent. Serum samples (100 pl) 
containing as little as 10 ng of retinoid were analyzed. Serum level profiles 
of rats dosed with the retinoids demonstrated the utility of the assay and 
indicated elimination half-lives of 0.58 and 0.92 hr for I and 11, respec- 
tively. 


Keyphrasea 0 High-performance liquid chromatography-assay for 
13-cis-retinoic acid and all-trans-retinoic acid 0 13-cis-Retinoic 
acid-high-performance liquid chromatographic analysis 0 All-trans - 
retinoic acid-high-performance liquid chromatographic analysis 


High-performance liquid chromatographic (HPLC) 
assay procedures for all-trans-retinoic acid (I) or 13-cis- 
retinoic acid (11) in serum samples differ markedly in 
sample preparation. One previously reported method 
employed lyophilization followed by extraction with 
methanol before analysis by reversed-phase chromatog- 
raphy. By this method as little as 50 ng of retinoic acid was 
detected in 0.5 ml of human plasma samples (1). Another 
report (2) showed a sensitivity limit of 25 ng/ml of plasma 
with reversed-phase chromatography after extraction of 
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samples containing 1 ml of plasma with a mixture of hex- 
me,  methylene chloride, and isopropanol. In another study 
(3), 0.5 ml of serum was extracted with ethyl acetate, fol- 
lowed by evaporation and dissolution of the residue in 
mobile phase. Normal-phase adsorption chromatography 
was employed to achieve a sensitivity of 10-20 ng/ml of 
serum. A fourth method (4) required no extraction step 
and had a detection limit of 100 ng of retinoic acid when 
400 pl of serum was mixed with methanol and centrifuged 
for 20 min and the supernatant liquid was analyzed di- 
rectly by reversed-phase chromatography. 


The present study describes a simple timesaving method 
for determining serum I or I1 by reversed-phase liquid 
chromatography with no extraction or lyophilization steps. 
Only 100 p1 of serum is required, and many samples can 
be analyzed in a short time. Sensitivity compares favorably 
with other reported assay procedures. 


EXPERIMENTAL 


Reagents-All-trans-retinoic acid1 (I), 13-cis-retinoic acid* (II), and 
all-trans-retinol acetate3 (111) were used as received. All other chemicals 


Eastman Kodak, Rochester, N.Y. 
2 Hoffmann-La Roche, Nutley, N.J. 


Sigma Chemical Co., St. Louis, Mo. 
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I 


B 
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3 
C 


Figure 1-Chromatograms of: A, normal rat serum with added internal 
standard; B, rat serum containing 15 ng of I plus internal standard; and 
C ,  rat serum containing 15 ng of I Ip lus  internal standard. Key: I ,  sol- 
vent; 2, retinol (present in all serum samples); 3, internal standard; 4, 
I ;  and 5 , I I .  
and reagents were high grade, commercially available materials. 


Chromatography-Analyses were performed on a liquid chromato- 
graph4 operated at ambient temperature and equipped with a UV de- 
tector (340 nm). Separations were performed on a 3.2-mm X 25-cm re- 
versed-phase column containing 5-pm octadecylsilane-coated particles5. 
A guard column, containing 30-40 pm octadecylsilane-coated pelicular 
material, was employed to protect the main column. Samples were in- 
troduced into the column through a 100-pl sample loop by way of a loop 
filler port and sample injection valve. Chromatograms were traced on a 
strip-chart recorder (20 cmhr ) ,  and peak heights were determined by 
an integrator-peak detector.6 The mobile phase was acetonitrile-1% 
ammonium acetate solution (75:25 v/v). 


Calibration-Stock solutions (0.1 mg/ml) of I and I1 were prepared 
in acetonitrile and stored at -10'. In addition, an internal standard stock 
solution (10 pg/ml) of I11 was prepared. Periodic chromatographic and 
spectrophotometric analyses showed that these stock solutions could be 
stored without alteration for 1 month a t  -10". Similar stability was re- 
ported previously (5). 


Blood from untreated male white rats7 was collected from the tails (6) 
in serum separation tubes and centrifuged to generate a serum pool. The 
serum was immediately transferred to 15-ml screw-capped vials and 
frozen. Known amounts of I stock solutions and 50 pl of the internal 
standard solution were added to 100 pl of drug-free serum samples in 
15-ml screw-capped test tubes. 


Each sample was further diluted with acetonitrile to a final volume of 
400 p1 to achieve I concentrations of 0.1-7.5 pg/ml (10-750 ng/lOO-pl 
sample) and a constant 111 concentration of 5.0 pg/ml. Samples of I1 and 
the internal standard were obtained in the same manner. The samples 
were shaken vigorously on a vortex mixer, and the precipitate was sepa- 
rated by centrifugation (2 min a t  3500 rpm). The resulting supernatant 
liquid was injected onto the chromatograph for analysis. In a separate 
calibration, water was substituted for serum in essentially the same 
procedure to determine whether the serum had significantly affected the 
assay. 


Calibration curves of the peak height ratios (retinoic acid to internal 
standard) versus the retinoid concentration were prepared from the 
analysis of the serum and water samples a t  each concentration of I and 
11. 


Serum Level Profiles-Serum concentrations of the retinoids of the 


4 Altex model 2100 pump with model 153 UV detector, Altex Scientific, Berkeley, 
Calif. 


Spherisorb ODS, Phase Separations Ltd., Hauppauge, N.Y. 
Minigrator, Spectra-Physics, Santa Clara, Calif. 


7 Sprague-Dawley strain. 
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Figure 2-Average serum concentrations of I I  (A) and I (B) following 
rapid intravenous injections of 1.25 and 1.0 mg, respectively. Each point 
represents data averaged from at least six rats. Bars show the standard 
deviation of the data. 


male rats, weighing an average of 390 g, were determined after intrave- 
nous injection into the tail vein using the described method. All rats were 
fasted for 24 hr before injection. Injected retinoids were in saline solution. 
For I, six rats were given a bolus intravenous injection of 1.0 mg; blood 
samples were taken from each rat at 0.5,1,2,3,4, and 5 hr after injection. 
For 11, eight rats received 1.25 mg iv; blood samples were taken a t  0.5,1, 
1.75, 2.5, 3.25, 4, and 4.75 hr after injection. Samples were taken and 
analyzed as described for the calibration experiments. 


RESULTS AND DISCUSSION 


Chromatograms of serum containing the internal standard and the 
internal standard plus I or I1 are shown in Fig. 1. All serum chromato- 
grams showed the presence of retinol, which did not interfere with the 
assay. No other interfering peaks were observed. 


Separation of all I from the internal standard, retinol (present in all 
serum samples), and the solvent front was obtained after adjusting the 
mobile phase of acetonitrile-1% ammonium acetate to a ratio of 75:25 
(v/v) and the flow rate to 1.6 mumin. The 1% ammonium acetate aqueous 
solution was needed to obtain complete separation of I from the solvent 
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Table I-Retinoic Acid Assay Calibration 


Sample Peak Height Ratio f SD 
Number of Retinoidb in Retinoid Concentration, Retinoic Acid 
Samples" Sample, ng Detected,c ng ng/ml I I1 


9 10 
3 20 
9 40 
3 60 
9 80 
3 100 
9 
3 
9 


150 
300 
450 


2.5 
5.0 


10 
15 
20 
25 
37.5 
75 


112.5 


100 
200 
400 
600 
800 


1000 
1500 
3000 
4500 


0.045 f 0.015 
0.077 f 0.002 - 
0.143 f 0.010 
0.217 f 0.002 - 


0.055 f 0.02 


0.157 f 0.02 


0.297 f 0.016 
0.375 f 0.007 - 


0.308 f 0.038 
.... 


0.601 f 0.016 
1.231 f 0.037 
1.821 f 0.048 


0.581 f 0.037 


1.594 f 0.088 
- 


- 3 600 150 6000 2.431 f 0.061 
9 750 187.5 7500 3.021 f 0.098 2.678 f 0.103 


Samples of nine were determined over 3 weeks, three samples per week. b Contained in 0.1 ml of rat  serum. Detected quantity represents the calculated theoretical 
quantity of retinoid injected into the chromatograph. 


front (Fig. IB). Under these conditions, the retention times for I, retinol, 
and I11 were 3.0,3.9, and 5.9 min, respectively. In addition to the spiked 
serum samples, a drug-free sample was run to determine if there were any 
absorbing substances in the region of I (Fig. 1A). Separation of I1 from 
the internal standard, retinol, and the solvent front was achieved under 
the same conditions as for I (Fig. 1C). The retention time for I1 was 2.6 
min. 


The results of calibration procedures for I and I1 in rat serum samples 
are shown in Table I. Linear regression analysis of chromatogram peak 
height ratios of sample to standard uersus concentration showed corre- 
lation coefficients of 0.9999 for both I and I1 for a sample size of 10-750 
ng (100-7500 ng/ml). At  a sample size of 10 ng of retinoic acid, the stan- 
dard deviations for data pooled from 3 different days were f33% for I and 
f36% for I1 and probably represent the lower working limits for the assay. 
A t  the 80-ng sample size, reproducibility was much better, with standard 
deviations of 7 and 13%, respectively, for the two acids. Single-day de- 
terminations usually showed lower standard deviations. 


The peak height ratios of retinoids to the internal standard at  each 
concentration for the serum and water samples were compared to de- 
termine the percent recovery of I and I1 from the serum samples. The 
recoveries of I and I1 were 102.9 f 5.6% and 91.7 f 5%, respectively. 


Figure 2 shows the applicability of the assay to monitor serum levels 
in rats after single doses of the retinoids. Both serum level profiles showed 
log-linear elimination phases with correlation coefficients of 4 .99 .  The 


elimination half-lives of I and I1 were 0.58 and 0.92 hr, respectively. The 
elimination curve for I, possibly indicating saturation or storage, tends 
to  confirm previous observations (7). 
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Abstract 0 A procedure is described for the assay of ethynodiol diacetate 
and ethinyl estradiol/mestranol by HPLC using two UV detectors a t  210 
and 280 nm. The system was acetonitrile 38% (v/v) in water as mobile 
phase on a 250 X 3.2-mm i.d. RP-2 column, with butylated hydroxyto- 
luene as the internal standard. There was >99% recovery from synthetic 
preparations and the coefficient of variation was <2.0% for formula- 
tions. 


Keyphrases Oral contraceptives-quantitative analysis of ethynodiol, 


estradiol, and mestranol by high-performance liquid chromatography 
0 Ethynodiol-quantitative analysis by high-performance liquid chro- 
matography, oral contraceptive tablets 0 Ethinyl estradiol-quantitative 
analysis by high-performance liquid chromatography, oral contraceptive 
tablets 0 Mestranol-quantitative analysis by high-performance liquid 
chromatography, oral contraceptive tablets High-performance liquid 
chromatography-quantitative analysis of ethynodiol, estradiol, and 
mestranol in oral contraceptive tablets 


Ethynodiol diacetate is a synthetic steroid showing 
progestogenic activity. It is used in oral contraceptives in 
admixture with either ethinyl estradiol or mestranol. 


Compendia1 procedures (1-3) are limited to raw material 
or to single ingredient formulations, except the USP XX 
(1) which describes the analysis of the ethynodiol diace- 
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CONCLUSIONS 


0-Methylhydroxylamine rapidly reacts with tautomers I1 and I11 a t  
neutral pH to quantitatively produce an -60:40 mixture of the E and Z 
isomers of aldophosphamide 0-methyl oxime, XI and XII. Assuming that 
oxime formation occurs by condensation of the amine with aldehyde 111, 
it follows that the rate of ring-opening of cis- and trans-I1 to give I11 must 
be relatively fast, since 31P-NMR analysis of the reaction mixture showed 
that these hemiaminals are no longer detectable after -10 min at  37’. 
The 0-methyl oximes of 111 are resistant toward hydrolysis of the oxime 
functionality, fragmentation into IV and V, and transoximination with 
either acetone, acetaldehyde, or formaldehyde. In concert, these features 
lend themselves to the use of 0-methylhydroxylamine as an effective 
trapping agent for studies of cyclophosphamide metabolites I1 and 111. 
Investigations of enzymatic and chemical regeneration of 111 from XIKII  
in the design of new anticancer prodrugs will be reported in another 
study. 
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Abstract Methods for the analysis of hydrocortisone drug substance, 
tablets, and enema were developed using adsorption high-performance 
liquid chromatography (HPLC). This HPLC system was shown to be 
capable of isolating hydrocortisone from its degradation products, syn- 
thesis precursor, and related corticosteroids. The accuracy, precision, 
and linearity of the HPLC assay methods and their applicability to 
commercial products has been demonstrated. 


Keyphrases 0 High-performance liquid chromatography-analysis of 
hydrocortisone drug substance, tablets, and enema 0 Hydrocorti- 
sone-analysis of drug substance, tablets, and enema using high-per- 
formance liquid chromatography 0 Degradation products-separation 
from hydrocortisone, high-performance liquid chromatography 


The majority of reported analytical methods for corti- 
costeroids utilize blue tetrazolium (1-101, isoniazid (ll), 
or phenylhydrazine (12, 13) reactions, UV spectropho- 
tometry (14), or high-performance liquid chromatography 
(HPLC)’ (15-22). 


The methods for determining hydrocortisone products 


E. Bunch, Food and Drug Administration, Seattle, Wash., unpublished work 
(1975). 


in the last four revisions of the United States Pharmaco- 
peia (USP) (2,23-25) have employed the blue tetrazolium 
reaction as the final determinative step. This is preceded 
by extraction or thin layer chromatographic (TLC) isola- 
tion of the active ingredient. Interferences and critical 
parameters of the reaction have been reported (6-9,26). 


HPLC is rapidly becoming the method of choice for the 
analysis of many drugs, and numerous applications of this 
technique to hydrocortisone are reported in the literature. 
The majority of published methods utilize reversed-phase 
systems (15-20). Recent reports, however, demonstrate 
that normal-phase adsorption chromatography offers 
greater selectivity for closely related corticosteroid 
structures2 (21-22). 


This study was undertaken to develop an HPLC system 
suitable for the analysis of hydrocortisone products and 
to compare the relative advantages of the USP and HPLC 
methods. Accuracy, precision, specificity, indication of 


~~ ~ ~ 


M. J. Walters, Food and Drug Administration, Detroit, Mich., unpublished 
work, presented a t  the 6th Annual Meeting of the Federation of Analytical Chem- 
istry and Spectroscopy Societies (1979). 
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product stability, and applicability to most products on 
the commercial market were the criteria considered nec- 
essary for a suitable HPLC method. Of particular concern 
was the separation of hydrocortisone (I) from the major 
degradation products 11~,17-dihydroxyandrost-4-ene- 
3-one-20-oic acid (11) and llp-hydroxyandrost-4-ene- 
3,17-dione (111) (6,27-29), the common synthesis precur- 
sor, hydrocortisone acetate (IV), and the other closely re- 
lated steroids, cortisone acetate (V), cortisone (VI), 
prednisone (VII), and prednisolone (VIII). 


A silica microparticulate column with a mobile phase of 
ethylene dichloride containing methanol as modifier with 
small, controlled amounts of water and acetic acid met all 
of the listed requirements for an HPLC system. This sys- 
tem was incorporated into the assay procedures developed 
for hydrocortisone drug substance, tablets, and enema. 


EXPERIMENTAL 


Reagents and Materials-All solvents used were HPLC grade3z4. 
Glacial acetic acid was analytical reagent grade5. USP Reference Stan- 
dard I, the degradation products I1 and HI6, acetaminophen7, and cor- 
ticosteroids8 were used without further treatment. The TLC plates were 
purchased precoated with a 250-pm layer of silica gel with a fluorescent 
indicatorg. Polytetrafluoroethylene 0.5-pm porosity membrane filters1° 
were used to filter HPLC solvents and samples. 


HPLC Determination of I-Internal Standard Solution-Two 
hundred milligrams of acetaminophen (IX) was dissolved in 4 ml of 
methanol and diluted to 200 ml with ethylene dichloride. The solution 
was kept in a tightly stoppered flask protected from light. 


Standard Solutions-Solution A was prepared by accurately weighing 
and dissolving -10 mg of I in 2 ml of methanol in a 50-ml volumetric flask. 
The internal standard solution (4 ml) was added, and the solution was 
diluted to volume with methylene chloride. 


Solut,ion B was prepared by accurately weighing and dissolving -8 mg 
of I in 4 ml of methanol in a 100-ml volumetric flask. Internal standard 
solution (2 ml) was added and the solution was diluted to volume with 
chloroform. Solution A was used in the drug substance and tablet assays. 
Solution B was used to assay the enema. 


HPLC System-The liquid chromatograph” was equipped with an 
automatic injectorI2 having a 10-pl loop, a 25-cm X 4.6-mm i.d. column 
packed with spherical, 5-6 pm diameter, porous silica micro particle^^^, 
a 254-nm UV detector14, and a 10-mv span recorder15. The HPLC system 
was interfaced with a data system16 for tracking peak areas and per- 
forming calculations. The detector was set a t  0.5 absorbance units full 
scale (aufs) which produced peak heights of -50% of full scale for both 
I and the internal standard in a 10-pl injection of standard solution A. 
Mobile solvent A was prepared by mixing 55 ml of a 5% water in methanol 
solution with 1.0 ml of acetic acid and diluting to 1 liter with ethylene 
dichloride. The flow rate was 1.5 ml/min and the methanol content was 
adjusted when needed to obtain a retention time of -7.5 min for I. An 
alternate mobile solvent B consisted of 45 ml of 5% water in methanol 
solution mixed with 1.0 ml of acetic acid and diluted to 1 liter with 
methylene chloride. 


System Suitability Test-The HPLC system was equilibrated by 
passing mobile solvent through the column for -0.5 hr. Portions of the 


Omnisolv grade methanol, MCB Manufacturing Chemists, Cincinnati, OH 
45212. 


Distilled in glass methylene chloride, chloroform, and ethylene dichloride 
Burdick & Jackson Laboratories, Muskegon, MI 49442. The ethylene dichloride 
purchased from Burdick & Jackson was found to be suitable for use without further 
treatment; other brands required water washing to remove impurities. 


Received from Robert E. Graham, Food and Drug Administration, Dallas, T X  
75204. 


5 Mallinckrodt, Inc., St. Louis, MO 63147. 


’ Eastman Kodak, Co., Rochester, NY 14650. 
a K & K Laboratories, Plainview, N Y  11803. 


lo TE 36, Schleicher & Schuell, Inc., Keene, NH 03431. 
l 1  Series 2/ l ,  Perkin-Elmer Corp., Norwalk, CT 06856. 
‘ 2  Model 725, Micromeritics Instruments Corp., Norcross, GA 30071. 
13 Zorbax Sil, Dupont Co., Wilmington, DE 19898. 
14 Model 440, Waters Associates, Milford, MA 01757. 
l5 Model SR-204, Heath Co., Benton Harbor, MI 49022. 
16PEP 2, Perkin-Elmer Corp.. Norwalk, CT  06856. 


“RediPlate,” Analtech Inc., distributed by Fisher Scientific Co., Pittsburgh, 
PA 15238. 


Table I-HPLC Retention of Hydrocortisone and Related 
Compounds 


Compound 


Retention 
Volume, Capacity 


rnl Factor,k’ 


Carbon tetrachloride 
Benzene 
Propylparaben 
Methylparaben 
1 l&Hydroxyandrost-4-ene-3,17-dione 
Cortisone acetate 
Hydrocortisone acetate 
Methylprednisolone acetate 
Prednisolone acetate 
Triamcinolone acetonide 
Cortisone 
Prednisone 
Dexamethasone 
Hydrocortisone 
Methylprednisolone 
Prednisolone 
Acetaminophen 
11~,17-Dihydroxyandrost-4-ene-3-one-20-oic 


Triamcinolone 
acid 


2.85 
2.85 
4.37 
4.67 
4.82 
4.88 
5.55 ~ .. 


6.02 
6.32 
6.89 
6.96 
7.14 ... . 


10.28 
11.07 
12.84 
13.58 
14.10 
15.17 


18.42 


0 
0 
0.53 
0.61 
0.69 
0.71 
0.95 
1.11 
1.22 
1.42 
1.44 
1.72 
2.60 
2.88 
3.51 
3.76 
3.95 
4.32 


5.46 
~ ~ ~ ~~ 


standard solution (10 p1) were then introduced. The system was consid- 
ered suitable when (a) the retention times for I and IX were -7.5 and -10 
min, respectively; (b) the resolutionI7 R between I and IX was not less 
than 2.5, the column efficiencylS N calculated using the I peak waF not 
less than 5000 theoretical plates; and (c)  the relative standard deviation 
of the response ratios of the I peak relative to the internal standard IX 
peak for six consecutive injections did not exceed 1%. 


Sample Preparation-Drug Substance-Approximately 50 mg of 
sample, previously dried for 3 hr a t  105“, was weighed into a 250-ml 
volumetric flask. Ten milliliters of methanol and 20.0 ml of internal 
standard solution were added and the solution was diluted to volume with 
methylene chloride. 


Tablet Composite Assay-An accurately weighed portion of a 20- 
tablet composite equivalent to one tablet was transferred to a volumetric 
flask of an appropriatesize to yield a final I concentration of 4 . 2  mg/ml. 
Two milliliters of methanol per 10 mg of declared I was added and the 
flask placed in an ultrasonic bath for 2 min. Methylene chloride was then 
added until the flask was about half full and the flask was returned to the 
ultrasonic bath for 1 min. An accurately measured volume of internal 
standard solution equivalent to 4 mV10 mg of declared I was added. The 
sample was diluted to volume with methylene chloride and a portion was 
filtered for HPLC assay. 


Tablet Content Uniformity Determination-Each tablet was placed 
in an Erlenmeyer or volumetric flask of a size selected to yield a final I 
concentration of -0.2 mg/ml. The tablet was softened by placing 100 pl 
of water/lO mg of declared I directly on the tablet and allowing it to soak 
in for 0.5 hr. Methanol (2 m1/10 mg of declared I) was added and the flask 
was placed in an ultrasonic bath for 10 min or until the tablet disinte- 
grated. The procedure for tablet composite assay was then followed. 


Enema-A sample equivalent to 8 mg of I was accurately weighed by 
difference into a separatory funnel and I was extracted with four 20-ml 
portions of chloroform, each portion filtered through chloroform-washed 
cotton into a 100-ml volumetric flask. 


Methanol (4 ml) and internal standard solution (2 ml) were added, the 
sample was diluted to volume with chloroform, and a portion was filtered 
for HPLC assay. 


Procedure-The HPLC system was allowed to equilibrate by passing 
the mobile solvent through the column for -0.5 hr. Standard solution 
(10-pl portions) were introduced and the response ratios (R,) of the I peak 
relative to the internal standard IX were calculated. When the R, for 
three consecutive injections agreed within 1%, lop1 of the sample prep- 
aration was injected. The quantity of I in the portion of the sample taken 
was calculated by the formula I (mg) = V,  W,R,/V,R,, where W,  is 
milligrams of I in the standard solution, V, and V ,  are the volumes (ml) 
of internal standard solution in the standard and sample solutions, re- 
spectively, and R, is the response ratio of the peaks (I/IX) in the sample 
chromatogram. 


Validation of HPLC Procedures-Specificity-Test solutions 


l7 K = 2( t r  IX - t ,  I ) / (  Wrx + WI) ,  where t ,  and W are the retention times and 
peak widths a t  baseline measured in mm for compounds IX and I. 


= 16(t,)2/W 
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MINUTES 
Figure 1-Chromatographic separation of corticosteroids by four dif- 
ferent HPLC columns and by TLC. Key: I ,  hydrocortisone; V, cortisone 
acetate; IV, hydrocortisone acetate; VI, cortisone; VIl, prednisone; VIII, 
prednisolone; column 1, 25 cm X 4.6-mm i.d. packed with 5-6 pm di- 
ameter spherical silica particles; column 2,25 cm X 4.6-mm id. packed 
with 5 pm irregular shaped silica; column 3,30 cm X 3.9-mm i.d. packed 
with 10 pm, irregular shaped silica; column 4,lO cm X 8-mm i.d. pres- 
surized cartridge packed with 10 pm diameter, spherical silica particles. 
All chromatograms were obtained using the same mixture of compounds; 
the order of elution was the same for all columns. 
containing 0.04-0.2 mg/ml of the compounds listed in Table I, prepared 
in methylene chloride-methanol (9821, were introduced into the HPLC 
system and their respective capacity factorslg (k ' )  were calculated. A 
model mixture containing 0.1 mg/ml each of I and IV-VIII in methylene 
chloride-methanol (982) was used to compare the performance of HPLC 
columns, mobile solvents, and HPLC to TLC. 


Precision-Precision of the HPLC system was tested by injecting 36 
portions of standard solution A, determining the R, values for the peaks 
(I/IX) based on areas as well as heights, and calculating the relative 
standard deviation. The precision of the respective assay methods was 
tested by subjecting 10 portions of each of the appropriate sample com- 
posites to the entire assay procedure and determining the relative stan- 
dard deviation of the results. 


Accuracy-The accuracy of the assay procedures was tested using 
synthetic samples. The product formulations were categorized by ex- 
cipient formulation. Typical formulations were selected for five tablet 
and two enema products, and placebo mixtures were prepared by com- 
bining all ingredients except I. Five portions of each placebo were taken 
and an accurately weighed amount of I, equivalent to the declared 
product potency, was added to each portion. These were analyzed by the 
appropriate HPLC assay procedures and the recovery of I was calcu- 
lated. 


Confirmation of Impurities-(A) Separation of II-Vll  from I- 


l9 k' = ( t ,  - to)&, where t o  is the time required to elute unretained component 
through the system. 


A 


111 


L 
I 


I 1 I 1 1 . 1  I I 


0 4 8 12 0 4 8 12 


Figure %-Chromatograms of hydrocortisone (I) with added (0.5% of 
each) corticosteroids IV-VIII(A) and degradation products I I  and I l l  
(€9. 


Drug substance I (-80 pg) was spotted on a TLC plate previously im- 
pregnated with 15% formamide in acetone (30). The chromatogram was 
developed three times using chloroform as the mobile solvent. The spots 
were detected by examining in short wavelength (254 nm) UV light fol- 
lowed by spraying with 25% H2S04 in methanol, heating 5 min a t  120", 
and observing characteristically colored corticosteroid spots in long 
wavelength (366 nm) UV light. Compound I with added 11-VIII a t  a level 
of 0.5% each was spotted and developed using the above system. Com- 
pounds 11-VII were resolved and detected, while VIII was not separated 
from I a t  this level. 


( B )  Separation of Vll l  from I-Concentrated solutions (10 mg/ml) 
of I samples suspected to contain VIII were injected into the HPLC 
system and eluate portions corresponding to VIII retention were col- 
lected. After concentrating by evaporation, the eluate was spotted on a 
TLC plate and developed with methylene chloride-methanol-water 
(180:15:1) mobile solvent (2). Prednisolone was detected as in the TLC 
system described in A. 


MINUTES 


RESULTS AND DISCUSSION 


The USP (2) single steroid assay (included in the I drug substance and 
tablet monographs) requires a TLC separation, quantitative transfer of 
portions of the silica layer, extraction, and final quantitation by the blue 
tetrazolium colorimetric procedure. The USP assay for hydrocortisone 
enema (2) involves a chloroform extraction followed by blue tetrazolium 
quantitation. This reaction is not specific for I and because I is not iso- 
lated from related steroids in the enema assay the results would include 
total corticosteroids as well as other compounds which react with this 
reagent (26). The USP methods for hydrocortisone were found to be te- 
dious and time-consuming, and presented difficulties with the sample 
preparation of some commercial productsz3. Therefore, it was considered 
advantageous to develop alternate methods capable of providing equal 
specificity without these limitations. 


HPLC was selected as the technique offering the greatest potential with 
respect to specificity, speed, and convenience. Adsorption HPLC was 
utilized due to its capabilities to separate closely related structures. The 
desired separation of I from its degradation products, precursor (IV), and 
related steroids (V-VIII) was achieved on a silica column with two 
equivalent mobile solvent systems (A and B). Though both mobile sol- 
vents have the same retention and selectivity for I-VIII, A is less volatile 
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Table 11-Analysis of Hydrocortisone Drug  Substance 


Hydrocortisone Found, % Impurities Found, %* 
Hydrocortisone 


Sample HPLC" USP" Cortisone Prednisolone Acetate Unidentified 


- Trace 22 98.6 (0.0) 98.2 (1.3) 0.13 - 


23 98.5 (0.4) 98.2 (0.9) 0.26 0.53 0.1 Trace 
24 98.8 (0.3) 98.7 (0.4) 0.13 0.57 0.1 Trace 


- Trace 25 97.2 (0.2) 98.2 (1.2) 0.20 - 
26 99.1 (0.0) 102.4 (1.1) 0.16 0.31 - Trace 


0 % by weight on dried basis, average of two determinations (% difference between duplicates). * % by weight, trace was estimated to be less than 0.1% based on UV 
response equivalent to cortisone. 


Table 111-HPLC Analysis of Synthetic Samples 


HPLC Assay 
Formulation Number of Added I found, % 


Product Type Determinations Added I, mga Average Range RSD' I 


Tablets A 5 20 99.4 98.6-98.8 0.48 
Tablets B 5 20 99.0 98.6-99.4 0.30 
Tablets C 5 10 99.7 99.1-100.6 0.56 
Tablets D 5 10 101.2 99.7-101.8 0.84 
Tablets H 5 20 100.2 100.1-100.5 0.21 
Average m 
Enema K 5 8 99.9 99.5-100.4 0.38 
Enema L 5 8 99.1 98.9-99.5 0.24 
Average rn 
Approximate amount of accurately weighed hydrocortisone (I) added to each portion of placebo. 


resulting in a more rugged system and was therefore incorporated into 
the assay procedures. The selectivity of this HPLC system is illustrated 
in Table I, which shows the capacity factors (k ' )  for compounds of in- 
terest. A good separation was obtained for corticosteroid pairs I and VIII, 
and VI and VII, which are difficult to resolve by reversed-phase systems 
(20). Corticosteroid acetates, which eluted close together when mobile 
solvent A was used, were found to have higher k' values and better reso- 
lution when the methanol content of the mobile solvent was decreased 
to 3.5%. Thus, the same column with slight modifications in the mobile 
solvent shows a potential for application to corticosteroid products other 
than those reported here. 


A model mixture of I and IV-VIII was used to investigate four silica 
columns, using resolution ( R )  between VI and VII as well as efficiency 
( N )  (calculated as theoretical plates based on the I peak) as the criteria 
for comparison. Columns 1 and 2 were both 25 cm X 4.6-mm i.d. in size. 
Column 1 was packed with 5-6 pm diameter, spherical silica13, while 
column 2 contained irregular-shaped 5-pm silica particles20. Column 3 
was 30 cm X 3.9-mm i.d. in size packed with lO-pm, irregular-shaped 
silica". Column 4 was packed with 10-gm spherical silica particles in a 
10 cm X 8-mm i.d. plastic cartridge22 maintained under pressure. The 
test compounds eluted in the same order through all four columns. Dif- 
ferences were observed in the total elution times and resolution (Fig. 1). 
The highest efficiency ( N  = 8300) and resolution ( R  = 1.56) were obtained 
with column 1. The performance of column 2 was very similar to 1, while 
the differences were more apparent with columns 3 and 4 which had 3400 
and 3700 theoretical plates, respectively. Compound I was completely 
resolved on all four columns. Column 1 was used for all analyses reported 
in this paper. 


The six-steroid model mixture was also used to compare the specificity 
of HPLC to that of the TLC system used in the USP single steroid assay, 
and Fig. 1 shows that HPLC provides equal or better selectivity for re- 
lated steroids. Figure 2 demonstrates the system's capability to separate 
I from its major degradation products, I1 and 111, as well as from its im- 
mediate synthesis precursor, IV. 


Acetaminophen (IX) was incorporated into the procedures as an in- 
ternal standard to compensate for possible injection variability and so- 
lution volume changes. The relative standard deviation of the response 
ratios (R , )  for the peaks (I/IX) of 36 replicate injections of standard so- 
lution was found to be 0.19% based on peak areas and 0.60% using man- 
ually measured peak heights. While the computerized area calculations 
are preferred due to better precision and a savings of time and effort, 
manual peak height calculations also gave acceptable results. 


20 LiChrosorb Si60, E. M. Reagents, Cincinnati, OH 45212. 
? I  p Porasil, Waters Associates, Milford, MA 01757. 
22 RCM Cartridge B, Waters Associates, Milford, MA 01757. 
*:j M. J. Walters, Food and Drug Administration, Detroit, Mich., unpublished 


work (1980). 


The response for I was found to be linear in the tested range of 0 . ~ 3 . 4  
pg, equivalent to 40-170% of the injection amount specified in the 
method. The internal standard (IX) produced a linear response as did 
the response ratios for the I peak relative to the internal standard peak 
over the range of 50-150% of the specified concentrations. 


The HPLC assay results for five I drug substance samples (Table 11) 
show reasonable agreement with those obtained by the USP assay. Du- 
plicate assays by the HPLC method agree within <0.5% (average = 0.2%) 
while the USP duplicates range from 0.4 to 1.3% (average = 1%). An ad- 
ditional portion from each sample was prepared and chromatographed 


A 
I X  


, I ,  


> 4  8 1 2  


I 


r - 2 - Z -  
MINUTES 


Figure 3-Typical hydrocortisone (1) assay chromatograms. Key: A, 
tablets; R,  enema; I X ,  internal standard; X ,  methylparaben; X I ,  pro- 
p.ylpara ben. 
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Table IV-Analysis of Hydrocortisone Tablets 


Results, % of Declared Potency 
Content Uniformity of 


Declared Individual Tablets by HPLC 
Sample Formulation Potency, USP HPLC RSD , 
Number Category mghablet Assay a Assaya Average % 


1 A 
2 B 
3 B 
4 B 
5 B 
6 B 
7 C 
8 C 
9 D 


15 H 
16 I 
17 I 
18 
19 J 


e 


J 
~. 


20 
21 J 


20 
20 
20 
10 
20 
20 
20 
10 
20 
10 
20 
20 
20 
10 
20 
20 
10 
20 
5 


10 
20 


91.6 
99.3 
99.2 
95.2 
91.8 
98.8 
90.4 
95.8 
95.5 
97.7 
93.7 
95.2 
96.5 
99.6 


100.8 
92.9 
93.8 
92.6 
95.2 


100.8 
100.4 


92.5 
104.9 
101.8 
94.8 
95.8 


100.2 
96.6 
96.8 
97.1 
97.7 
96.6 
95.4 
94.4 
98.0 


100.2 
94.6 
96.1 
95.0 


100.6 
99.2 
99.0 


95.0 2.5 
105.6 1.4 
102.2 1.4 
95.9 
95.1 


100.4 


~~ 


1.0 
4.6 
1.0 


96.9 1.0 
96.4 1.5 
95.4 
98.9 
96.8 


~~ 


3.6 
3.0 
2.1 


96.5 0.82 
93.0 2.7 ~~ 


97.8 
103.0 
95.4 


2.3 
3.1 
1.4 


96.7 1.6 
96.5 1.1 ~~ 


99.9 
95.5 
99.0 


~~ 


0.63 
0.58 
0.67 


Average of duplicate determinations. * Average of 10 individual tablet assays. Not known. 


without the internal standard, and none of the chromatograms showed 
interfering peaks a t  the retention corresponding to the internal standard. 
These solutions were also used to test for the presence of impurities by 
increasing the detector sensitivity 25-fold, from 0.5 to 0.02 aufs. Chro- 
matograms of reference standard I with degradation products 11,111, and 
the related steroids IV-VIII, each added a t  a level of 0.5% of I, showed 
that these impurities are detectable a t  this level by this procedure (Fig 
2). An estimated 0.1-0.3% of cortisone was found in all five samples and 
0.3-0.6% of prednisolone was found in three samples of I drug substance 
(Table 11). The presence of cortisone and prednisolone was confirmed 
by TLC, the latter after subjecting concentrated solutions to HPLC, 
collecting, and concentrating the appropriate portions of the eluate. 
Traces of hydrocortisone acetate and unidentified impurities were also 
detected. No degradation products were found. The total amount of 
detected impurities was <1% in all samples. 


The HPLC system was applied to the analysis of I tablets by intro- 
ducing a sample preparation step and performing additional validation 
experiments. The dilutions specified in the sample preparation for tablets 
result in the same final concentration of I regardless of the dosage level, 
which ranges from 5 to 20 mghablet. Thus, the same standard solution 
and detector sensitivity can be used. 


The recovery of I through the method and the influence of excipients 
was checked by the synthetic sample approach. Five typical product 
formulations prepared in the laboratory were assayed. The recovery re- 
sults (Table 111) ranged from 98.6 to 101.8% and the overall mean for a 
total of 25 determinations was 99.9% with a relative standard deviation 
of 0.91%. No bias in the method is indicated. The precision for commercial 
products was checked by assaying 10 composite portions for each of five 
samples. The results showed good precision with the relative standard 
deviation for the five samples ranging from 0.27 to 0.78%. 


The tablet content uniformity procedure is essentially identical to the 
assay, the only difference being in the initial sample preparation required 
to disintegrate the intact tablet. A small amount of water was needed to 
soften the tablet and enhance the disintegration. The volumes of water 
and methanol were limited to the specified low levels in order to maintain 
the equilibrium of the chromatographic system. 


Twenty-one commercial tablet products manufactured by 12 different 
firms were subjected to the HPLC assay and content uniformity proce- 
dures. The results are summarized in Table IV along with those obtained 
by the USP assay. While all the results are within USP limits, 14 of the 
21 USP assay results are lower than the HPLC assay with an average 
difference of 1.45%, suggesting a negative bias in the USP assay. The 
average difference between results of duplicate determinations was 1.1% 
for the USP method and 0.49% for the HPLC assay method. The HPLC 
composite assay results show good agreement with the respective average 
content uniformity results for 10 individual tablets. 


A typical chromatogram is shown in Fig. 3A. A portion of each com- 
posite chromatographed without internal standard showed no interfer- 


ences at  the retention volume of IX. 
The same HPLC system was applied to the assay of hydrocortisone 


enema after introducing an appropriate sample preparation step. Since 
the adsorption HPLC system requires that the water content be main- 
tained a t  a low and closely controlled level, aqueous enema samples could 
not be introduced without eliminating the water. An extraction of I into 
chloroform was found to overcome this problem. Methyl- and propyl- 
parabens, present as preservatives, were also extracted into chloroform 
but were well resolved from I by HPLC (Fig. 3B). 


The average recovery for 10 portions of I through the enema assay was 
100.2% with a relative standard deviation of 0.65%. The average of 10 
recoveries for two synthetic enema formulations was 99.9 and 99.1% with 
a relative standard deviation of 0.38 and 0.24%, respectively (Table 111). 
Replicate determinations of two commercial enema products resulted 
in a relative standard deviation of 1.0% in both cases, showing acceptable 
precision. One of the products was found to have satisfactory potency 
with good agreement between the HPLC and blue tetrazolium assays, 
99.8 and 101.0%, respectively. The second product showed only 82.794 
of the labeled I content by HPLC and 86.5% by blue tetrazolium. Since 
the blue tetrazolium reaction is not specific, it is possible that an impurity 
in the product may have caused false high results. This suspicion was 
further reinforced when a small peak a t  5.6 min was observed in the 
sample chromatograms. This peak did not appear in the standard, syn- 
thetic sample or the other enema product chromatograms; did not cor- 
respond to I-IX; and remains unidentified. The low HPLC assay result 
was confirmed by subjecting the sample to a reversed-phase HPLC assay 
using an octyl-silane bonded column and a methanol-water (60:40) 
mobile solvent. 


The presented HPLC methods for the analysis of I drug substance 
tablets and enema have been shown to be accurate, precise, specific, and 
applicable to products on the commercial market. I t  is anticipated that 
with appropriate sample preparation the same HPLC system will be 
applicable to othkr hydrocortisone products. 
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Abstract The physical alignment of the paddle and the vessel is critical 
in ohtaining reproducible results from the  IJSP dissolution test with 
Apparatus 2. Large variations in dissolution results were traced to minor 
variations in alignment of different apparatuses. 


Keyphrases Dissolution-USP Apparatus 2, reproducibility of results 
0 USP-dissolution Apparatus 2, reproducibility of results 0 Appara- 
tus-USP dissolution Apparatus 2, reproducibility of‘ results 


This laboratory has been recently studying the sys- 
tematic error associated with Apparatus 2 of the USP 
dissolution test (1). Collaborative studies conducted by the 
Academy of Pharmaceutical Sciences] and by the Food 
and Drug Administration (2) showed a wide variation in 
test results reported by different laboratories. The present 
report is the first of a series of papers describing sources 
of systematic error associated with the dissolution test. 


The test method first appeared in the Fourth Supple- 
ment to USP XIX and N F  XIV (3). The stirring element 
consisted of a shaft with a detachable paddle blade posi- 
tioned on its side. In the Fifth Supplement of USP XIX 
and NF XIV, the stirring element was modified to its 
present configuration: the blade is now rigidly mounted 
through the diameter of the shaft. The data reported in 
this paper were collected prior to  the modification of the 
apparatus. 


~ 


Unpublished data, Dissolution Technology Committee, APhA Academy of 
Pharmaceutical Sciences. 


EXPERIMENTAL 


Two commercial samples of 5-mg prednisone tablets (rel’erred to as 
Tablet  0 and Tablet  1) were used for the  evaluation of six dissolution 
apparatuses. Dissolution data  for the two samples from each apparatus 
were collected using a single set of six glass dissolution vessels’ and u n -  
form analytical technique. Two appartuses. designated A and €3, were 
designed and built by the Food and Drug Administration. Four appara- 
tuses, designated C, D, E, and F. were commercially available:'. Each 
apparatus  could test six tahlets simultaneously. 


T h e  dissolution and analytical methodology is descrihed in the Fourth 
Supplement to  USP XIX and N F  XIV (4). 


RESULTS AND DISCUSSION 


T h e  data collected from the two samples with each apparatus are 
shown in Table I. T h e  results for apparatuses E and P are considerahly 
higher than those for the other four apparatuses. These discrepancies 
were traced to  minor variations in the  vertical alignment of the paddle 
shafts. T h e  experiment pointed out two deficiencies in the dissolution 
methodology. 


T h e  first deficiency was that the  equipment operator could not be 
certain that the [ISP alignment specificat ions were I)eing met: t.hr paddle 
shaft must be aligned so tha t  its axis is not more than 0.2 cni from the 
vertical axis of the vessel a t  any point. Devices adequate to measure and 
adjust the equipment t o  meet this requirement were not available ini- 
tially. Although the  apparatus was adjusted to make the drive head 
parallel with the  base, no conscientious el’f‘ort was made to  improve the 
precisiott with which a vessel was centered around its shaft. 


The  second deficiency lay in the design of the apparatirs. The support 
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significance for the comparison of the infusion values with the 100-mg 
dose. Post steady-state disappearance half-lives ranging from 0.67 to 1.03 
hr were not different from the single-dose data, (the increase in the 
postinfusion plasma concentration seen in Fig. 5 was due to flushing of 
the catheter with saline at the time the infusion was stopped). No time- 
dependent change in clearance or half-life was exhibited over the 1-week 
period of the study. 


In the rhesus monkey, progabide behaves as a medium extraction ratio 
drug with incomplete bioavailability and first-order disappearance ki- 
netics. I t  exhibits nonlinearity in plasma binding in uitro. There was a 
tendency for systemic clearance to decrease within a two-fold dose range. 
Progabide exhibited no evidence of time dependency in clearance during 
chronic infusion. 
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Abstract  0 A rapid, reproducible high-performance liquid chromato- 
graphic system for the determination of ethinyl estradiol in solid dosage 
forms consisting of a reversed-phase column with a mobile phase of 0.05 
M aqueous KHzPOd-methyl alcohol (23) and fluorescence detection has 
been developed. This stability-indicating method is applicable to tablets 
containing ethinyl estradiol alone or in combination with methyltestos- 
terone and progesterones. The procedure has been used for the deter- 
mination of ethinyl estradiol in single tablets, stability samples, and 
dissolution medium. Recovery of drug substance added to placebo was 
from 97.3 to 101.5% in stability and single-tablet assays, and 95.4 to 
102.2% in dissolution assays. Reproducibility studies gave relative 
standard deviations of 0.4-2.2%. 


Keyphrases Ethinyl estradiol-high-performance liquid chromato- 
graphic analysis, stability, content uniformity and dissolution assays 
High-performance liquid chromatography-analysis, ethinyl estradiol, 
fluorescence detection 0 Estrogens-ethinyl estradiol, high-performance 
liquid chromatography, analysis of solid dosage forms 


Ethinyl estradiol (I), a well known estrogen, is used in 
hormonal therapy, contraception, and certain cancer 
treatments. The steroid may be prescribed either alone, 
as in treatment of estrogen deficiency, or in combination 
with a progesterone in contraceptive formulations. 


Current methods for the analysis of ethinyl estradiol 
include both wet chemical (1-4) and chromatographic 
methods. Among the latter are gas chromatography (GC) 
(5 )  and high-performance liquid chromatography (HPLC) 
with UV detection (6-10). 


OH 
&CECH 


Determination of ethinyl estradiol by HPLC has been 
hampered by low sensitivity, as the administered dosages 
may be as low as 10 pghablet. To counter this lack of sen- 
sitivity, several investigators have proposed analyzing 
composite samples of up to 10 tablets (7,8). While useful 
for stability assays, this approach is not suitable for either 
content uniformity or dissolution assays. Other investi- 
gators have increased detection sensitivity by using pre- 
column derivatization with dansyl chloride and fluores- 
cence detection (11,12). A much simpler approach is to use 
the native fluorescence of the phenolic ring of the steroid; 
this method has been used for normal phase HPLC of es- 
trogens (13) and of ethinyl estradiol in cosmetics (14, 
15). 


A reversed-phase HPLC system with native fluorescence 
detection for the determination of ethinyl estradiol in solid 
dosage forms is described. The proposed method, which 
requires minimal sample preparation, is not only stabil- 
ity-indicating but also sensitive enough for use in content 
uniformity and dissolution assays. 


EXPERIMENTAL 


Materials-HPLC grade methyl alcohol’, o-phenylphenoP, and po- 
tassium phosphate monobasic crystals2 (KH~POI)  were obtained from 
commercial sources. Ultrapure w$er was prepared by deionization, 
treatment for removal of organic compounds, and filtering3. 


Apparatus-The high-performance liquid chromatograph was 
equipped with a constant flow pump4, an automatic injector5, a fluores- 


Mallinckrodt, Inc., Paris, KY 40361. 
Matheson, Coleman and Bell, Cincinnati, OH 45212. 


Model M6000A Chromatography Pump, Waters Associates, Milford, MA 
3 Milli-Q Water Purification System, Millipore Corp., Bedford, MA 01730. 


01757. 


636 I Journal of Pharmaceutical Sciences 
Vol. 71, No. 6, June 1982 


WISP Model 710A Automatic Injector, Waters Associates, Milford, MA 
01757. 
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2 Table I-Recovery of Ethinyl Estradiol Added to Tablet 
Placebos for Content Uniformity and Stability Assays 
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Figure 1-High-performance liquid chromatogram of ethinyl estradiol 
and internal standard. Key: 1, o-phenylphenol; 2, ethinyl estradiol. 


cence detector (excitation at  280 nm, emission at  330 nm) containing a 
xenon lamp source6, and a chart recorder7. The stainless steel column (25 
cm X 4.6-mm i.d.) was packed with lO-pm, irregularly shaped, totally 
porous silica particles bonded with a C-8 hydrocarbon phases. A 2.0-pm 
filterg was placed in-line before the column. A data acquisition systemlo 
was used for peak processing. 


Chromatographic Conditions-The mobile phase was 0.05 M 
aqueous KHzP04, filtered through a 0.45-pm filter"-methyl alcohol (23) 
and degassed for 20 min by using an ultrasonic water bath. The flow rate 
through the HPLC system was 2.0 ml/min. Helium was bubbled through 
the mobile phase constantly while the system was running. 


Internal Standard Solution-A 0.1-mg/ml solution of o-phenyl- 
phenol was prepared in mobile phase. This solution was diluted to 1.0 
pg/ml with mobile phase. 


Standard Solution-Approximately 25 mg of ethinyl estradiol 
standard was accurately weighed, transferred to a 100-ml volumetric 
flask, and dissolved and diluted to 100 ml with methyl alcohol. This so- 


6 Model 650-1OLC Fluorescence Detector, Perkin-Elmer Carp., Norwalk. CT 


Linear Model 485 Recorder, Linear Instruments Corp., Irvine, CA 92664. * LiChrosorb RP8 Column, E. M. Laboratories, Inc., E. Merck, Elmsford, NY 


Model 7302 Column Inlet Filter, 2 pm, Rheodyne Incorporated, Cotati, CA 


06856. 


10523. 


94928. . 
lo PDP 11/34 minicomputer utilizing peak-112 Software, Digital Equipment 


Corp., Maynard, MA 01754. 
Millipore Filter, Type HA, Millipore Corp., Bedford, MA 01730. 


Ethinyl Estradiol 
Placebo, Ad ded, Found, Recovery, 


Formulation mg mg mg 9% 


0.02 mghablet, 
placebo 


0.02 mghablet, 
placeboa 


0.05 mghablet, 
placebo 


0.05 mghablet, 
placebo" 


0.5 mghblet ,  
placebo 


0.5 mghablet, 
placebo" 


181.0 
240.5 
301.7 
360.7 
424.5 
230.5 
290.7 
347.7 
418.9 
180.7 
241.5 
300.2 
361.0 
421.1 
181.2 
242.0 
307.3 
360.7 
422.3 
121.1 
160.3 
201.2 
239.8 
280.3 
120.6 
160.9 
200.8 
240.9 
280.8 


0.0215 


0.0195 


0.0538 


0.0488 


0.538 


0.516 


0.0216 
0.0216 
0.0213 
0.0213 
0.0213 
0.0195 
0.0198 
0.0194 
0.0194 
0.0537 
0.0539 
0.0541 
0.0535 
0.0530 
0.0475 
0.0476 
0.0484 
0.0485 
0.0481 
0.545 
0.544 
0.545 
0.544 
0.540 
0.520 
0.519 
0.512 
0.517 
0.513 


100.5 
100.5 
99.1 
99.1 
99.1 


100.0 
101.5 
99.5 
99.5 
99.8 


100.2 
100.6 
99.4 
98.5 
97.3 
97.5 
99.2 
99.4 
98.6 


101.3 
101.1 
101.3 
101.3 
100.4 
100.8 
100.6 
99.2 


100.2 
99.4 


0 Heated 75', 2 weeks. 


lution was diluted exactly 550 in methyl alcohol. A 2.00-ml aliquot of this 
solution and 5.00 ml of a 1.0-pg/ml internal standard solution were added 
to a 50-ml volumetric flask. Approximately 23 ml of methyl alcohol was 
added to the flask and diluted to volume with 0.05 M aqueous KH2P04 
to a final concentration of 1 pglml of ethinyl estradiol and 0.1 pg/ml of 
internal standard. A 50-pl aliquot was injected into the liquid chroma- 
tograph. 


Determination of Ethinyl Estradiol in Solid Dosage Forms- 
Tablets containing 0.02 mg of ethinyl estradiol were assayed by adding 
single tablets to individual 50-ml centrifuge tubes containing 4.00 ml of 
aqueous 0.05 M KHzP04. The sample was rotated for 15 min. A 2.00-ml 
aliquot of internal standard and 4 ml of methyl alcohol were added to the 
sample, which was again rotated for 15 min and centrifuged. The super- 


Table 11-Reproducibility of Ethinyl Estradiol Determinations 
for Content Uniformity and Stability Assays 


Tablet 
Strength Day Assay, % Label 


0.02 mghablet Lota  Lotb Lotc Lotda 
1 07.4 108.2 108.0 110.3 
2 108.6 110.2 109.9 107.7 
3 111.4 108.1 107.8 106.5 


- 106.1 4 108.1 - - 
X 
RSD, % 


108.9 108.8 108.6 107.6 
1.6 1.1 1.1 1.7 


0.05 mghablet Lote Lotf Lotg Loth" 
1 
2 %:; ::s: E:; :;83:: 


0.5 mghablet Loti Lotj Lotk Lotlo 
1 05.8 104.6 103.4 102.7 


ff 
RSD,  % 


2 105.7 105.8 101.5 103.3 
3 106.1 102.8 102.1 103.1 


- 99.4 4 
105.7 104.4 102.3 102.2 


0.4 1.4 1.0 2.1 


- - 


a Heated 75'. 2 weeks. 
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Table 111-Recovery of Ethinyl Estradiol Added to Formulation 
Placebos for Dissolution Assay 


Ethinyl estradiol 
Added, Found, Recovery, 


Formulation me me 70 


0.02 mghablet, 0.0102 0.0101 99.0 
300-mg placebo 0.0153 0.0154 100.7 


0.0205 0.0198 96.6 
0.0256 0.0258 100.8 


0.05 mghablet, 0.0259 0.0248 95.7 
300-mg placebo 0.0388 0.0387 99.7 


~~ 


0.0518 0.0508 98.1 
0.0647 0.0617 95.4 


0.5 mdtablet. 0.256 0.260 101.6 
200ymg placebo 0.384 0.380 99.0 


0.511 0.522 102.2 
0.639 0.610 95.5 


Accelerated Degradation Studies-Accelerated degradation studies 
were conducted by heating the ethinyl estradiol drug substance at  178O 
for 16 hr as described previously (161, and heating the ethinyl estradiol 
tablets for 2 weeks at  75O. 


Dissolution Assay Studies-A solution of 2 pg/ml of o-phenylpbenol 
was prepared in methyl alcohol as the internal standard solution. 


Approximately 25 mg of ethinyl estradiol standard was accurately 
weighed, transferred to a 50-ml volumetric flask, and dissolved and di- 
luted to volume with methyl alcohol. This standard solution was diluted 
exactly 250 in methyl alcohol. A 1.00-ml aliquot of this solution and 1.00 
ml of the 2 Fg/ml internal standard were added to 900 ml of ultrapure 
water3. 


Determination of Ethinyl Estradiol in  Dissolution Medium- 
Single tablets containing 0.02 mg of ethinyl estradiol were placed in 900 
ml of ultrapure water3 along with 1.00 ml of 2 pg/ml of the internal 
standard solution. Dissolution of the tablet was conducted at 37" for 1 
hr. The samples and standards were then treated identically. The stan- 
dard solutions and dissolution medium were filtered through a 1.2-pm 
filter12, the filtrates equilibrated to room temperature, and the entire 
contents of each filtrate concentrated onto an activated C-18 cartridge13 
by using a vacuum to draw the solution through the cartridges. The car- 
tridge was eluted with 20-mlO.05 M aqueous KHZP04-methyl alcohol 
(23) and a volume of 50 pl injected into the liquid chromatograph. The 
ethinyl estradiol content was calculated from Eq. 1. 


This sample preparation also allows for the determination of higher 
levels of ethinyl estradiol in dissolution medium. Tablets containing up 


2 


u 0 
12 9 6 3  


RETENTION TIME, min 


Figure 2-kigh-performance liquid chromatogram of ethinyl estradiol 
tablet extract. Key: 1, o-phenylphenol; 2, butylparaben; 3, ethinyl es- 
tradiol. 


nate was transferred to a 25-ml volumetric flask. The samples were ex- 
tracted two more times with -5 ml of mobile phase and a 10-min rotation. 
The supernates were combined and a 50-rl aliquot injected into the liquid 
chromatograph. The ethinyl estradiol content was calculated as fol- 
lows: 


mg of ethinyl estradiolhablet = 


(Raarn/Ratd) x (wstd) x (Vaarn/vo) (Eq. 1) 
where: 


R,, = ratio of ethinyl estradiol to o-phenylphenol peak heights in 


R s a  = peak height ratio in the standard chromatogram; 
W B a  = weight of ethinyl estradiol in the reference standard soh-  


V ,  = total volume of sample solution; 
V ,  = total volume of o-phenylphenol in the sample solution. 


This sample preparation allows for the determination of ethinyl es- 
tradiol in higher strength dosage forms. Tablets containing up to 0.5 mg 
of ethinyl estradiol may be assayed by adjusting extraction volumes and 
internal standard concentration to give final assay concentrations of 1 
Fg/ml of ethinyl estradiol and 0.1 Fg/ml of internal standard. 


the sample chromatogram; 


tion; 
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Figure 3-High-performance liquid chromatogram of ethinyl estradiol 
drug substance subjected to accelerated degradation. Key: I ,  uniden- 
tified decomposition product; 2, ethinyl estradiol. 


l2 Millipore Filter, Type RA, Millipore Corp., Bedford, MA 01730. 
13 Sep-Pak (2-18 Cartridges, Waters Associates, Milford, MA 01757. 
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Table IV-Reproducibility of Ethinyl Estradiol Determinations 
in Dissolution Medium 


Assay, mg recovered 
Tablet, Tablet, Tablet, 


Aliquot Strength A Strength B Strength C 


4 
5 
6 


0.0228 
0.0225 
0.0230 
0.0228 
0.0232 
0.0229 - x 0.0228 


RSD, % 1.0 


0.0492 0.363 . . . ~  


0.0502 0.360 
0.0508 0.357 
0.0491 0.355 
0.0495 0.372 
- 0.367 


0.0498 0.362 
1.6 1.8 


to 0.5 mg of ethinyl estradiol were assayed by adjusting the internal 
standard concentration and dilutions to give approximate concentrations 
of 1 kg/ml of ethinyl estradiol and 0.1 fig/ml of the internal standard. 


RESULTS AND DISCUSSION 


Content Uniformity and Stability Assays-To develop a rapid, 
reproducible HPLC method for the determination of ethinyl estradiol, 
sample preparation was kept as simple as possible. In this method the 
tablet matrix is disintegrated by mixing with aqueous buffer, after which 
methyl alcohol is added to solubilize the drug substance; the final ex- 
tracting solution has the same solvent composition as the mobile phase. 
Under these conditions, two extractions are sufficient to  remove more 
than 99% of both active and internal standard from the tablet matrix; 
however, a third extraction was added to ensure quantitative recov- 
eries. 


To simplify the assay methods, ethinyl estradiol was detected by its 
native fluorescence rather than by precolumn fluorescence labeling. Both 
ethinyl estradiol and the internal standard, o-phenylphenol, have UV 
absorption maxima around 280 nm as well as from 200 to 220 nm. Exci- 
tation at either of these maxima produces broad ethinyl estradiol emission 
at  310 nm and o-phenylphenol emission at  340 and 420 nm. Adequate 
sensitivity and selectivity was maintained for these compounds by 
monitoring emission a t  330 nm with a 20-nm spectral band width. While 
excitation can be done at  either 220 or 280 nm, excitation at 220 nm leads 
to interferences of two types. First, more compounds absorb at  220 than 
at  280 nm, leading to a loss in detection specificity. Second, impurities 
in the mobile phase fluoresce to give a significant background. Large 
amounts of UV absorbing material, such as the methyltestosterone en- 
countered in some formulations, absorb enough radiation to decrease the 
background, giving negative peaks which are potential chromatographic 
interferences. Both of the above detection interferences are of signifi- 
cantly lower magnitude when using excitation a t  280 rather than 220 
nm. 


Due to the low levels of ethinyl estradiol and high detection sensitivity, 
care must be taken to avoid interferences due to fluorescent impurities. 
Glassware must be thoroughly cleaned and dried, avoiding any surfac- 
tants which could leave residues of fluorescing compounds on the glass. 
In the course of this work, it was also noted that spurious peaks arose from 
the use of latex dropper bulbs; particulate matter from the bulbs caused 
severe chromatographic interferences. 


In the described method, ethinyl estradiol elutes with a retention time 
of 9 min and the internal standard elutes a t  6 min (Fig. 1). Butylparaben, 
a tablet-coating excipient, chromatographs at  8 min and does not interfere 
with the assay. A sample chromatogram is shown in Fig. 2. 


Ethinyl estradiol, when subjected to the extreme temperature condi- 
tions of 178" for 16 hr used in a previous study (161, degraded -25%. The 
degradation products are separated from both ethinyl estradiol and the 
internal standard as shown in Fig. 3. A discussion of the degradation of 
ethinyl estradiol has been previously reported (16). 


The linearity of the chromatographic system was demonstrated within 


Table V-Retention Times for Compounds Commonly Found in 
Combination with Ethinyl Estradiol 


ComDound Relative Retention Time 
~ ~~ 


Ethinyl Estradiol 1.00 
Norethindrone 1 .oo 
Norgestrel 1.49 
Methyltestosterone 1.57 
Norethindrone acetate 2.15 
Ethvnodiol diacetate a 


a - b 


3 


- 


1 


2 I 


4 1, 
111 


24 12 0 
u 
24 12 0 


RETENTION TIME, min 
Figure 4-High-performance liquid chromatogram of tablets con- 
taining both ethinyl estradiol and methyltestosterone, (a) fluorescence; 
(b) ultrauiolet. Key: 1, o-phenylphenol; 2, ethinyl estradiol; 3, 
methyltestosterone; 4,  progesterone (internal standard). 


the range of 0.61-1.42 pg/ml of ethinyl estradiol standard. Response 
uersus concentration data gave a correlation coefficient of 0.9995 and an 
estimated relative standard deviation of linearity of 1.4%. Linearity of 
the sample preparation was tested over the range of 60-140% of the assay 
sample size for tablets containing 0.02 mg of ethinyl estradiol and yielded 
a correlation coefficient of 0.9999 and an estimated relative standard 
deviation of linearity of 0.64%. Linearity of the sample preparation was 
also demonstrated for high strength dosage forms of ethinyl estradiol 
tablets. The correlation coefficients obtained from these experiments 
were no less than 0.9994. No statistically significant bias was observed 
in any of the linearity experiments when extrapolated to zero sample 
size. 


The accuracy of the content uniformity-stability method was dem- 
onstrated by the addition of ethinyl estradiol to varying amounts of 
placebo. As seen in Table I, recovery of ethinyl estradiol from the placebo 
is excellent, ranging from 97.3 to  101.5%. 


The precision of the method was tested by performing replicate assays 
on several sample batches over a period of several days (Table 11). The 
relative standard deviations of the assays were <2% for all normal 
batches, but increased slightly for heated samples. 


Table VI-Reproducibility of Ethinyl Estradiol Determinations 
in t he  Presence of Methyltestosterone 


Assay, % Label 
Sam& Lot A" Lot B" Lot C b  


1 109.9 
2 112.1 


109.9 
110.6 


1.3 
$ 
RSD, % 


108.0 103.7 
105.3 104.6 
105.0 - 
106.1 104.2 


1.7 - 


a No peak observed. 
0.04 mg of ethinyl estradiol, 10 mg of methyltest~~sterune/tahlet. 0.02 mg of 


ethinyl estradiol, 5 mg of methyltestosterone/tahlet, 
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Scheme A-High-performance liquid chromatographic system for si- 
multaneous determination of ethinyl estradiol and methyl- 


testosterone. 


Dissolution Assays-The medium chosen for the dissolution assays 
was ultrapure distilled water, from which ions and organic compounds 
had been removed3. Ultrapure water must be used to prevent concen- 
tration of any fluorescent impurities onto the cartridge’s. 


Precision of ethinyl estradiol recovery from dissolution assay medium 
was demonstrated by preparing eight standard solutions as described 
previously and assaying these according to the HPLC method described. 
These eight standards produced a relative standard deviation of 2.1%. 


Since relatively large volumes of liquid were passed through the car- 
t r i d g e ~ ~ ~ ,  some breakthrough of ethinyl estradiol and internal standard 
was expected. Standard solutions were concentrated onto cartridges13 
series so that any breakthrough from one cartridge would be concentrated 
onto a second cartridge. The breakthrough observed was 5.7% for ethinyl 
estradiol and 6.6% for the internal standard. These losses were considered 
acceptable since both standard and sample solutions are concentrated 
onto the cartridges and lose equal amounts of material. The breakthrough 
percentage is constant over a wide range of sample size as demonstrated 
by recovery studies of ethinyl estradiol and internal standard from dis- 
solution medium. Over the range of 10-500 ng/ml of ethinyl estradiol, 
peak height ratios were obtained with a relative standard deviation of 
1.0%. 


The accuracy of the method was demonstrated by the addition of 
varying amounts of ethinyl estradiol to a constant amount of placebo. 
The recovery of ethinyl estradiol for three different tablet strengths is 
seen in Table 111. The recovery of ethinyl estradiol ranged from 95.4 to 
102.2% with no statistically significant bias when extrapolated to zero 
sample size. 


To avoid the differences of tablet-to-tablet variations, precision of the 
recovery of ethinyl estradiol from dissolution media was tested on single 
tablet equivalents of tablet grinds. The largest relative standard deviation 
observed is 1.8% (Table IV). 


Separation of Ethinyl Estradiol from Other Drug Substances- 
This HPLC method is also applicable to the analysis of ethinyl estradiol 
in the presence of other drug substances. Various drug substances com- 
monly found in combination with ethinyl estradiol were chromatographed 
by using the proposed HPLC system with UV detection at  220 nm. As 
the relative retention times in Table V indicate, norgestrel, methyltes- 
tosterone, and norethindrone acetate are all well separated from ethinyl 
estradiol; norethindrone coeluted with ethinyl estradiol and ethynodiol 
diacetate did not appear to elute from the column. 


Assays for ethinyl estradiol were performed on tablets containing both 
ethinyl estradiol (0.04 mg/tablet) and methyltestosterone (10 mg/tablet). 
The chromatographic system for this analysis is given in Scheme A. The 
relative standard deviation of the determination of ethinyl estradiol in 
the presence of methyltestosterone was not greater than 1.9%, as shown 
in Table VI for replicate sample preparations. Figure 4 indicates that 
methyltestosterone causes no chromatographic interference in the assay 
for ethinyl estradiol. 
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Abstract 0 A new technique for simultaneous stereoselective kinetic 
studies of methadone enantiomers was developed using three deute- 
rium-labeled forms of methadone and GLC-chemical-ionization mass 
spectrometry. A racemic mixture (1:l) of (R)-(-)-[2H5]methadone (1- 
form) and (S)-(+)-[2H3]methadone (d-form) was administered orally 
in place of a single daily dose of unlabeled (f)-[2Ho]methadone in long- 
term maintenance patients. Racemic (f)-[2H8]methadone was used as 
an internal standard for the simultaneous quantitation of [2H~]-,  [2H3]-, 
and [2Hs]methadone in plasma and urine. A newly developed extraction 
procedure, using a short, disposable CIS reversed-phase cartridge and 
improved chemical-ionization procedures employing ammonia gas, re- 
sulted in significant reduction of the background impurities contributing 
to the ions used for isotopic abundance measurements. These improve- 
ments enabled the measurement of labeled plasma methadone levels for 
120 hr following a single dose. This methodology was applied to the study 
of methadone kinetics in two patients; in both patients, the analgesically 
active l-enantiomer of the drug had a longer plasma elimination half-life 
and a smaller area under the plasma disappearance curve than did the 
inactive d-form. 


Keyphrases 0 Methadone-enantiomers, quantitation in humans using 
stable isotope labeling 0 Enantiomers-of methadone, quantitation in 
humans using stable isotope labeling 0 Narcotics-methadone, quan- 
titation of enantiomers in humans using stable isotope labeling 


Racemic methadone is used in maintenance therapy of 
heroin addicts (1 ,2) .  The (R)-(-)-enantiomer (1-form) is 
the more pharmacologically active isomer in experimental 
animals and humans (3,4). In addition, small amounts of 
the (8)-(+)-enantiomer (d-form) may be converted to an 
active enantiomer of dimepheptanol by hepatic micro- 
soma1 drug-metabolizing enzymes (5). It  has been shown 
that the binding of methadone and other narcotics to 
specific opiate receptors is stereospecific (6-12). It was also 


It 
O 9  I 


CQCH,C-C-CH,CHN(CH,), 
I 


I 6 CH3 


(+)-methadone (S ) - (  + )- [ ' H, ]methadone 


(R)-(-)-['Hs ]methadone (r )- [ 'H, ]methadone 
internal standard 


shown that several aspects of narcotic disposition, in- 
cluding metabolism, may be stereoselective (13, 14). 


BACKGROUND 


Little work has been devoted to clarifying the disposition and phar- 
macokinetic differences between active and inactive enantiomers of 
methadone (4, 13). Such studies have been hindered by rapid and ex- 
tensive drug distribution into tissues, with resultant low plasma levels, 
and by ethical constraints on the use of large amounts of radioisotopes 
in research patients. 


Stable isotope-labeled compounds are now used often as tracers for 
the quantitation of drugs and drug metabolites in biological fluids (15, 
16). Racemic [2H3]methadone (17) and [2Hs]methadone (18) have been 
used as internal standards or tracers in the determination of methadone 
in plasma by GLC-chemical-ionization mass spectrometry. The phar- 
macokinetics of (R)-(-)- and (S)-(+)-methadone in maintenance patients 
using the separate enantiomers of [2H5]methadone as tracers were re- 
ported (13). In that study, kinetic differences were found between the 
two enantiomers in three clinically well-stabilized methadone mainte- 
nance patients; in each case, (R)-(-)-methadone had a significantly 
longer elimination half-life than the inactive enantiomer. 


Exploration of these differences in normal patients as well as in pa- 
tients whose drug disposition may be altered by liver disease, alcoholism, 
multiple drug abuse, or anticonvulsant therapy, etc., requires the per- 
formance of three sequential studies in each patient. Multiple studies 
are more difficult and expensive; the status of the patient may also 
change. Ideally, one would like to quantitate and trace both enantiomers 
simultaneously in the same patient using stable isotope tracers. 


Three forms of deuterium-labeled methadone were synthesized: the 
two enantiomers, (R ) - ( - ) - [2H5] methadone and (S  ) -( t ) - [2H3] methadone, 
and racemic (f)-[2H8]methadone. Technology for the simultaneous 
measurement of all three labeled forms as well as unlabeled racemic 
(&)-methadone was developed using GLC-chemical-ionization mass 
spectrometry. In addition, clinical studies were carried out using these 
stable isotopic tracers; significant differences in the disposition and 
pharmacokinetics of the two enantiomers were observed in each pa- 
tient. 


EXPERIMENTAL 


Synthesi~-(S)-(+)-[~H3]Methadone was prepared from ethyl- 
2,2,2-[2H3]magnesium bromide and (S)-(+)-4-dimethylarnino-Z,Z-di- 
phenyl-valeronitrile according to known procedures (17). (R) - ( - ) -  
[2H5]Methadone was prepared from ethyl bromide and (R)-(-)-4& 
methylamin0-2-phenyl-2-[~H~]phenyl-valeronitrile (18). Racemic 
(f)-[2H8]methadone was prepared by coupling ethyl-2,2,2-[2H3]mag- 
nesium bromide with racemic 4-dirnethylamin0-2-phenyl-2-[~H5]phe- 
nyl-valeronitrile by analogy to known procedures (18). Hydrochloride 
salts were prepared by dissolving the free bases in 25 ml of anhydrous 
ethanol and passing dry hydrogen chloride gas into the ice-cold solution. 
The ethanolic hydrogen chloride solution was then treated with 100 ml 
of ether and chilled at  -loo until crystallization was complete. The salts 
were recrystallized twice from ethanol-ether (1:lO). 


Standard Solutions-Aqueous stock solutions, 1 mg/ml of (f)- 
[2Ho]methadone, (S)-(+)-[2H3]methadone, (R)-(-)-[2Hs]methadone, 
and (f)-[2H8]methadone hydrochloride, were prepared separately. Ali- 
quots of these standard solutions were added to methadone-free plasma 
and urine obtained from healthy adult donors to establish standard 
curves. The plasma solution of combined enantiomers of unlabeled 
methadone and [2H3]- and [2H5]methadone was prepared gravimetrically. 
Concentrations ranged from 25 to 800 ng/g of plasma for methadone and 
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Table I-Fractional Ion Abundances of the Deuterated 
Methadone IsotoDic SDecies 


Number of 
2H Atoms 12Hol 13Hd 12H81 


0 78.98 0.12 0.12 
1 18.49 0.20 
2 2.32 2.04 0.58 
3 0.18 77.32 2.93 
4 17.94 13.39 
5 2.21 56.37 0.07 
6 0.17 16.58 0.40 
7 5.80 6.04 
8 3.96 74.55 
9 16.92 


10 2.00 


from 5 to 200 ng/g of plasma for [2H3]- and [2H5]methadone. Urine con- 
centrations ranged from 0.1 to 10 pg/ml of urine for each methadone 
species. 


Sample Preparation-Plasma Analysis-Plasma (1 g) was mixed 
with 1 ml of the internal standard, [2Hg]methadone (200 ng/ml), and al- 
lowed to equilibrate a t  room temperature for 45 min. The sample solution 
was poured into a 10-ml syringe barrel fitted with a CIS silica gel car- 
tridge’. Prior to use, the cartridge was conditioned by washing with 2 ml 
of methanol followed by 4 ml of water. The sample solution was forced 
through the cartridge with the syringe plunger and was followed by 2 ml 
of water and 3 ml of 0.01 M NH4OH. The methadone was eluted with 6 
ml of ethyl acetate and an additional 3 ml of 0.01 M NH40H (19). 


The aqueous layer was discarded, and the organic phase was evapo- 
rated under nitrogen. The residue was dissolved in 3 ml of 0.3 N HCl and 
was shaken with 4 ml of n-heptane to remove residual lipids. After two 
extractions with n-heptane, the methadone-containing aqueous layer 
was separated and adjusted to pH 9-10 with 3 ml of 0.6M NH40H. The 
aqueous layer was then extracted with 6 ml of ethyl acetate, and the or- 
ganic layer was washed with an additional 3 ml of 0.6 M NH4OH and 
evaporated under nitrogen. The residue was reconstituted with 10 pl of 
methanol, and the entire sample was analyzed. Recovery of methadone 
by this procedure was 40-70%. 


Urine Analysis-Urine (1 ml) was mixed with 1 ml of internal standard 
(10 pg/ml). The sample was adjusted to pH 9-10 with 3 ml of 0.6 M 
NH40H, and the solution was extracted with 6 ml of ethyl acetate. The 
aqueous layer was discarded, and the organic phase was evaporated under 
nitrogen. The residue was reconstituted with 50 p1 of methanol. A 2-3-p1 
aliquot was used for analysis. Recovery was 85-90%. 


Mass Spectrometric Analysis-Analyses were performed using a 
quadrupole mass spectrometer2 operating at an ion source temperature 
of 160” with a 0.5-torr ion source pressure of ammonia reagent gas (20). 
Samples were introduced through the GLC inlet system and were ana- 
lyzed on a 1.8-m X 1.0- mm i.d. glass column packed with 10% OV-17 on 
Chromosorb W-HP (100-120 mesh) a t  a column temperature of 250’ and 
a helium flow rate of 9 ml/min. Under these conditions, the retention time 
of methadone was 3.5 min. Isotopic ratios were measured by monitoring 
the intensity of the protonated molecular ions a t  m/z 310,313,315, and 
318 for [2H~] - ,  I2H3]-, [2H5]-, and [2Hg]methadone, respectively, using 
a microprocessor-based data system3. 


Standard isotope dilution curves were prepared for each methadone 
series in plasma and urine by plotting the observed, corrected isotopic 
ratio against the mole ratio of [2Ho]methadone/[2Hs]methadone, 
[ZH3]methadone/[2H~]methadone, and [2H5]methadone/[2Hs]methadone. 
In all cases, plasma and urine blank values were determined daily with 
each set of samples. The isotopic ratio data were mathematically treated 
to correct the values for the small cross-contributions to the ion intensities 
by the individual deuterated methadone species using the following 
methods. 


Patients and Clinical Procedures-Patient I-Patient 1, a 24- 
year-old male, began to use alcohol a t  age 11 and heroin a t  age 13. He 
began methadone maintenance treatment at age 18 with no subsequent 
problems with illicit narcotics or other drug abuse. He had a history of 
chronic alcoholism since age 21 but was detoxified and remained alcohol 
free for 9 months prior to the present study. He was stabilized on 80 mg 


1 Sep-Pak cartridge, Waters Associates, Milford, Mass. Different lots of cartridges 


2 Biospect quadrupole mass spectrometer, Chemetron Medical Products, St. 


3 Spectral analysis microprocessor, Chemetron Medical Products, St. Louis, 


had different abilities to remove undesired compounds from plasma samples. 


Louis, Mo. 


Mo. 


Table  11-Summary of Plasma Disappearance Half-Life and 
Area under  the Curve (AUC) 


Plasma 
(AUC);”, Compartment, 


Patient Enantiomer T1/2~, hr ng hr % 


1 (S)-(+)- 28.1 f 0.7 5296 1.58 
(R)-(-)- 37.9 f 4.4 4002 1.19 


2 (S)-(+)- 34.8 f 2.4 4795 1.14 
(R)-(-)-  58.9 f 4.8 2596 0.62 


of methadone/day and received no other medications. Physical exami- 
nation revealed no significant abnormalities. Laboratory findings in- 
cluded Hgb 15.0, Hct 44, WBC 6.2 with normal differential, normal 
urinalysis, hepatitis B antigen negative, SGOT 15, alkaline phosphatase 
59, bilirubin 0.3, 5’-nucleotidase 6, total protein 6.7, albumin 4.0, and 
BUN 16, all within normal limits. 


Patient 2-Patient 2, a 37-year-old male, began to use illicit narcotics 
at age 17. He entered a methadone maintenance treatment program a t  
age 30 and subsequently remained free of heroin abuse. Over the past 10 
years, he consumed no alcohol nor used other drugs. At age 33, he was told 
of abnormal liver function test results and subsequently had a liver bi- 
opsy, which showed chronic active hepatitis. At the time of these studies, 
he was receiving 100 mg of methadone/day with no other medications. 
Positive findings on physical examination revealed spider angiomata on 
the face and thorax and enlarged firm, nontender liver but an otherwise 
normal physical examination. Laboratory results included: Hgb 16.6, Hct 
49.3, WBC 6.7 with normal differential, normal urinalysis, and hepatitis 
B antigen negative. His SGOT was 67 (upper normal 25), alkaline phos- 
phatase was 127 (upper normal 82), bilirubin was 0.5,5’-nucleotidase was 
18 (upper normal 14), total protein was 7.4, and BUN was 18. 


Both patients were admitted4 for metabolic studies, and oral and 
written informed consent was obtained. The oral daily dose of methadone 
was substituted by a single dose of the same amount of stable isotopic 
methadone (containing equal amounts of d-[2H3]- and l-[2Hs]methadone) 
for each patient on 1 study day. On the following day, oral dosing with 
unlabeled methadone was resumed. Multiple blood specimens were ob- 
tained on the study day and once daily thereafter. On several days fol- 
lowing the initial study day, multiple blood samples also were obtained 
and analyzed for protocols unrelated to the results reported here. Six-hour 
urine collections were made on the 1st study day, and 24-hr collections 
were made daily thereafter. 


Data  Analysis-Each isotopic species of methadone contributes a 
known, but variable, fraction to the ion intensity measured a t  a given 
mass. The ion d e n s i t y  a t  a given mass ( I x ) ,  can be described as the sum 
of the individual fractional ion intensities according to: 


I, = A l X l +  A2X2 + . . . A,X, (Eq. 1) 


where A is the fractional ion abundance listed in Table I, X, is the un- 
known fractional contribution to be determined, and I ,  is the measured 
ion intensity at a given mass. The set of four linear equations, which 
consists of one equation for each ion measured, can be solved by linear 
least-squares techniques described previously (21,22). The corrected ion 
intensity ( I x , )  was normalized to the corrected ion intensity (1318’) of the 
internal standard to give a set of three corrected isotope ratio values (R310, 
R313, and R315) for each sample. The actual mole ratio for each component 
in a sample was obtained from linear calibration curves as described5. 


Plasma drug concentration uersus time data were fitted to a three- 
exponential decay function using the SAAM 27 computer program (23). 
Areas under the curves were calculated using computer routines that 
employ the trapezoidal rule to perform the integration. The kinetic data 
for both patients are summarized in Table 11. 


RESULTS AND DISCUSSION 


The isotopic composition of the various deuterated methadone species 
was determined by ammonia GLC-chemical-ionization mass spec- 
trometry. The data, expressed as the fractional ion abundances of the 
various species, are listed in Table I. Multiple isotopic tracer studies 
employed in the present work were complicated by isotopic overlap of 
the various deuterated compounds. The problem was minimized, but not 


Rockefeller University Hospital Clinical Research Center. 
A general purpose computer program written in the SPEAKEZ language to  


perform the calculations for any number of isotopic species is available from the 
authors 
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Table 111-Contributions of Plasma and Urine to the Ion Species Used to Quantitate [2H~]-, t2H3]-, and [*H~]Methadone Using [?-Hs]- 
Methadone as an Internal Standard 


Isotope Ratio, % 
Extraction Chemical- m 12 m / z  mlz 


Sample Method Ionization gas n 3101318 313/318 3151318 


. F 200; 


Buffer“ - Isobutane 3 0.13 f 0.10 0.46 f 0.08 0.90 f 0.29 
Plasma * SolventC Isobutane 3 4.66 f 3.04 8.18 f 4.04 22.14 f 6.74 
Plasma Cartridged Isobutane 12 1.06 f 0.32 6.27 f 1.17 3.32 f 0.94 
Buffer - Ammonia 9 0.16 f 0.14 0.18 f 0.14 0.21 f 0.13 
Plasma Cartridge Ammonia 17 1.65 f 0.95 1.24 f 0.49 0.65 f 0.47 
Urine Solvente Ammonia 4 0.16 f 0.14 0.14 f 0.14 0.10 f 0.06 


METHnmNE -2Ho 
.. 


-~ 


a Internal standard solution in buffer ([2H&nethadone, 100 ng/pl), 2 plhjection. 
Sep-Pak CIS cartridge cleanup. 


Control plasma, 1 g + internal standard ([2H8Jrnethadone. 200 ng/rnl), 1 rnl. Solvent 
Solvent extraction alone. extraction including back-extraction procedure. 


a 5- 


a 4 B l  
- 


11 I 1 I I I 


0 24 48 72 96 120 
HOURS AFTER ADMINISTRATION OF LABELED METHADONE 


Figure 1-Plasma methadone disappearance curves for methadone, 
(R)-(-)-(‘HrJmethadone, and (S)-(+)-r2Hdmethadone determined 
in  Patient 1. 


and [2Hs]methadone or approximately twice the blank plasma back- 
ground level. Two advantages from using the CIS silica gel cartridges for 
extracting methadone from plasma are that the GLC column lifetime is 
improved markedly and analysis time is shortened to -5 minlsample 
since no interfering peaks elute from the column after methadone. 


The present data illustrate the practicality of using multiple stable 
isotopic tracers in a clinical research protocol. Previous studies, using only 
a single isotopic tracer, required three separate stable isotopic tracer 
experiments to explore the behavior of the separate enantiomers. Such 
studies were exceedingly tedious, both with respect to performance of 
the clinical study and the time required for the analyses. During such 
lengthy studies, the patient’s status is subject to change. Thus, the 
multiple, simultaneous stable isotopic tracer technique described here 
offers significant advantages in studying complex drug systems such as 
methadone in a steady-state, multiple-dose protocol. 


Data from Patient 1 (Table I1 and Fig. 1) reconfirm earlier observations 
that (R)-(-)-methadone is metabolized -1.35 times slower than ( S ) -  
(+)-methadone (13). Plasma drug level data versus time were fitted to 
a three-exponential decay function, where the half-life is that of the 
terminal exponential component. In both cases, (S) - (+)  methadone 
reaches and maintains a higher peak plasma level over the first 48 hr of 
the study than does the (R)-(-)-methadone. Thereafter, the (R)-(-)-  
methadone curve crosses the (.!+(+)-methadone concentration curve 
and remains higher for the rest of the study. The area under the plasma 
disappearance curve was integrated over the first 119 hr. These data in- 
dicate that (S)-(  t )-methadone has a higher plasma level and, therefore, 
higher relative bioavailability following an oral dose than does ( R ) -  
(-)-methadone. The total plasma compartment for methadone (both 
enantiomers) accounts for only 1.8-2.8% of the administered dose. 


The second patient (Fig. 2) displays similar pharmacokinetic behavior 
but with two differences: (a )  the plasma disappearance half-life of R -  
(-)-methadone is 1.69 times as long as that of the (S)-(+)-enantiomer, 
compared with the more normal 1.35-fold difference observed in the first 
patient; and ( b )  the integrated area under the plasma disappearance 
curves of S-(+)-methadone is 1.85 times greater than that of the ( R ) -  
(-)-enantiomer. The significance of these observations is not yet clear; 
Patient 1 had a history of chronic alcohol misuse, and Patient 2 had a 
hjstory of chronic acute hepatitis. 


The described methodology for plasma drug level measurements can 
also be applied to measure urinary excretion of unmetabolized methadone 
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0 24 48 72 96 120 
HOURS AFTER ADMINISTRATION OF LABELED METHADONE 


Figure 2-Plasma methadone disappearance curves for methadone, 
(R)-(-)-r2Hdmethadone, and (S) - (+)-[2Hdmethadone  determined 
in Patient 2. 
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HOURS AFTER ADMINISTRATION OF LABELED METHADONE 


Figure 3-Cumulatiue urinary excretion of (Fi)-(-)-[2HJmethadone 
and (S)-(+)-r2Hdmethadone determined in Patient 1. 


enantiomers. Data presented in Fig. 3 illustrate the cumulative urinary 
excretion of the two methadone enantiomers in Patient 1. (S)-(t)- 
methadone reaches a cumulative excretion plateau value of 5.2% by 120 
hr. In contrast, the @)-(-)-methadone continues to be excreted 
throughout the study; by 168 hr, 9.8% of the dose was excreted as the 
unmetabolized drug. The urinary data, together with the plasma drug 
level data, suggest a differential renal clearance mechanism for the ex- 
cretion of the unchanged methadone enantiomers. Full assessment of 
each step of the disposition of the separate enantiomers of methadone 
and its metabolites, including hepatic uptake metabolism, biliary ex- 
cretion, fecal excretion, and urinary clearance, is needed before the 
mechanisms underlying the observed differences in overall disposition 
can be evaluated (25). 
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Abstract The effect of surface charge and particle size on the gel 
structure of aluminum hydroxycarbonate gel was studied through the 
use of a specially designed tension cell. Surface charge has a major effect 
on the coefficient of bulk compressibility. The charged state is more 
compressible a t  lower tensions while the neutral gel is more compressible 
a t  higher tensions. In addition, physical properties of gels having a small 
particle size are more profoundly influenced by interparticle forces than 
are gels consisting of larger particles. The effect of surface charge and 


particle size on gel structure is applied to physical properties such as 
viscosity and dewatering. 


Keyphrases 0 Aluminum hydroxycarbonate gel-gel structure, effect 
of surface charge and particle size 0 Gels-aluminum hydroxycarbonate, 
effect of surface charge and particle size on structure Physicochemis- 
try-effect of surface charge and particle size on gel structure of alumi- 
num hydroxycarbonate gel 


Investigation of the structure of aluminum hydroxide 
gel a t  an atomic level has led to improved understanding 
of the arrangement of atoms and the types of bonds 


present in the various materials collectively known as 
aluminum hydroxide (1-4). An equally important type of 
structure, gel structure, which deals with the manner in 


0022-3549f 82f 0 100-0043$0 1. OOf 0 
@ 1982, American Pharmaceutical Association 


Journal of pharmaceutical Sciences f 43 
Vol. 71, No. 1, January 1982 












Table I-Retinoic Acid Assay Calibration 


Sample Peak Height Ratio f SD 
Number of Retinoidb in Retinoid Concentration, Retinoic Acid 
Samples" Sample, ng Detected,c ng ng/ml I I1 


9 10 
3 20 
9 40 
3 60 
9 80 
3 100 
9 
3 
9 


150 
300 
450 


2.5 
5.0 


10 
15 
20 
25 
37.5 
75 


112.5 


100 
200 
400 
600 
800 


1000 
1500 
3000 
4500 


0.045 f 0.015 
0.077 f 0.002 - 
0.143 f 0.010 
0.217 f 0.002 - 


0.055 f 0.02 


0.157 f 0.02 


0.297 f 0.016 
0.375 f 0.007 - 


0.308 f 0.038 
.... 


0.601 f 0.016 
1.231 f 0.037 
1.821 f 0.048 


0.581 f 0.037 


1.594 f 0.088 
- 


- 3 600 150 6000 2.431 f 0.061 
9 750 187.5 7500 3.021 f 0.098 2.678 f 0.103 


Samples of nine were determined over 3 weeks, three samples per week. b Contained in 0.1 ml of rat  serum. Detected quantity represents the calculated theoretical 
quantity of retinoid injected into the chromatograph. 


front (Fig. IB). Under these conditions, the retention times for I, retinol, 
and I11 were 3.0,3.9, and 5.9 min, respectively. In addition to the spiked 
serum samples, a drug-free sample was run to determine if there were any 
absorbing substances in the region of I (Fig. 1A). Separation of I1 from 
the internal standard, retinol, and the solvent front was achieved under 
the same conditions as for I (Fig. 1C). The retention time for I1 was 2.6 
min. 


The results of calibration procedures for I and I1 in rat serum samples 
are shown in Table I. Linear regression analysis of chromatogram peak 
height ratios of sample to standard uersus concentration showed corre- 
lation coefficients of 0.9999 for both I and I1 for a sample size of 10-750 
ng (100-7500 ng/ml). At  a sample size of 10 ng of retinoic acid, the stan- 
dard deviations for data pooled from 3 different days were f33% for I and 
f36% for I1 and probably represent the lower working limits for the assay. 
A t  the 80-ng sample size, reproducibility was much better, with standard 
deviations of 7 and 13%, respectively, for the two acids. Single-day de- 
terminations usually showed lower standard deviations. 


The peak height ratios of retinoids to the internal standard at  each 
concentration for the serum and water samples were compared to de- 
termine the percent recovery of I and I1 from the serum samples. The 
recoveries of I and I1 were 102.9 f 5.6% and 91.7 f 5%, respectively. 


Figure 2 shows the applicability of the assay to monitor serum levels 
in rats after single doses of the retinoids. Both serum level profiles showed 
log-linear elimination phases with correlation coefficients of 4 .99 .  The 


elimination half-lives of I and I1 were 0.58 and 0.92 hr, respectively. The 
elimination curve for I, possibly indicating saturation or storage, tends 
to  confirm previous observations (7). 
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Abstract 0 A procedure is described for the assay of ethynodiol diacetate 
and ethinyl estradiol/mestranol by HPLC using two UV detectors a t  210 
and 280 nm. The system was acetonitrile 38% (v/v) in water as mobile 
phase on a 250 X 3.2-mm i.d. RP-2 column, with butylated hydroxyto- 
luene as the internal standard. There was >99% recovery from synthetic 
preparations and the coefficient of variation was <2.0% for formula- 
tions. 


Keyphrases Oral contraceptives-quantitative analysis of ethynodiol, 


estradiol, and mestranol by high-performance liquid chromatography 
0 Ethynodiol-quantitative analysis by high-performance liquid chro- 
matography, oral contraceptive tablets 0 Ethinyl estradiol-quantitative 
analysis by high-performance liquid chromatography, oral contraceptive 
tablets 0 Mestranol-quantitative analysis by high-performance liquid 
chromatography, oral contraceptive tablets High-performance liquid 
chromatography-quantitative analysis of ethynodiol, estradiol, and 
mestranol in oral contraceptive tablets 


Ethynodiol diacetate is a synthetic steroid showing 
progestogenic activity. It is used in oral contraceptives in 
admixture with either ethinyl estradiol or mestranol. 


Compendia1 procedures (1-3) are limited to raw material 
or to single ingredient formulations, except the USP XX 
(1) which describes the analysis of the ethynodiol diace- 
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Table I-Capacity Factor ( K l )  for the Steroids and Other 
Substances 


Substance K' 


Ethinyl estradiol 3.85 
Mestranol 8.08 
Ethynodiol diacetate 22.65 
Butylated hydroxytoluene 16.54 
Unknown No. 1 8.33 
Unknown No. 2 11.62 
Ethynodiol diacetate acidic 27.82 


degradation product 


degradation products 2. 8.62 
Ethynodiol diacetate basic 1.3.57 


tate-ethinyl estradiol mixtures. 
Ethynodiol diacetate has been quantitatively assayed 


by argentimetric titration of its ethinyl group (Z), by UV 
determination after its acidic conversion to a conjugated 
diene (l), by colorimetric reaction with antimony tri- 
chloride (3), and by GLC analysis (4). 


The estrogenic components have been analyzed using 
such methods as argentimetry (2), colorimetry (1, 3, 5) ,  
fluorometry (2), UV spectrophotometry (6), GLC (6) ,  TLC 
with fluorescent detection (7), and high-performance 
liquid chromatography (HPLC) (8-10). 


This paper describes a simple, rapid HPLC procedure 
to assay quantitatively mixtures of ethynodiol diacetate 
with either ethinyl estradiol or mestranol using simulta- 
neous measurements of UV absorption at 210 and 280 
nm. 


EXPERIMENTAL 
Apparatus-A modular HPLC system consisting of a pump' operated 


at 1.75 mumin, two variable-wavelength UV detectors (set at 210 and 280 
nm, re~pectively)**~, and a 7000-psi loop injector4 (equipped with a 20-4 
loop) were used. The column (250 X 3.2-mm i.d.) was ethylsilane chem- 
ically bonded to totally porous, irregularly shaped microparticulate 
silicas. 


Peak retention times and areas were obtained with two reporting in- 
tegrator#. 


Reagents--Ethynodiol diacetate. ethinyl estradiol, and mestranol 
were USP reference standards. Butylated iiydro~ytoluene~ was recrys- 
tallized from methanol, acetonitrile was HPLC gradee, and water was 
double-distilled in glass. 


Mobile Phase-Acetonitrile 38% (v/v) in water (filtered through a 
membrane9 and degassed while filtering under a vacuum not exceeding 
500 mm Hg) was used. 


Internal Standard Solution-A solution of butylated hydroxytoluene 
in aqueous acetonitrile (80% v/v) was prepared at a concentration of 50 
pglml. 


Standard Preparations-Ethynodiol Diacetate-Ethinyl Estradiol 
Standard-A solution of ethynodiol diacetate with ethinyl estradiol in 
internal standard solution was prepared at the same concentration as in 
the sample preparation (based on label claim). 


Ethynodiol Diacetate-Mestranol Standard-A solution of ethynodiol 
diacetate with mestranol in internal standard solution was prepared at  
the same concentration as in the sample preparation (based on label 
claim). 


Sample Preparation-Not less than 20 tablets were weighed and 
finely powdered (60 mesh). An amount of powder equivalent to one tablet 
was accurately weighed into a 15-ml centrifuge tube with a polytef-lined 
cap. Two milliliters of internal standard solution were added. The tube 
was capped and vigorously shaken for 30 min. The tube was then cen- 
trifuged to obtain a clear solution. 


Constametric 11, Laboratory Data Control, Riviera Beach, FL 33404. 
Spectrornonitor I, Laboratory Data Control, Riviera Beach, FL 33404. 
Schoeffel model SF 770, Westwood, NJ 07675. ' Rheodyne septumless valve injector model 7120, Berkeley, CA 94710. 
RP-2 Express series, Altex Inc., Berkeley, CA 94710. 


6 HP 3385A automation systems, Hewlett-Packard, Avondale, PA 19311. ' Koch-Light Laboratory, Colnbrook, England S13 OB7. 
8 Fisher Scientific, Fair Lawn, NJ 07410. 
9 FH 0.2 pm, Millipore Inc., Bedford, MA 01730. 


Table 11-Standard Curves for Ethinyl Estradiol, Mestranol, 
and Ethynodiol Diacetate 


Weight 
Range Wave- 


Injected, length, Curve, y = Correlation 
Steroid mg nm mx + b Coefficient 


Ethinyl 0.2-1.2 210 0.827 X -0.003 0.9999 
estradiol 


280 0.835 X -0.022 0.9998 
Mestranol 0.2-1.2 210 0.895 X +0.002 0.9996 


280 0.784 X -0.013 0.9998 
Ethynodiol 2.0-12 210 0.303 X -0.007 0.9999 


dincet.nt,e 


Recovery Study-Sufficient inert materials (4.67 g of lactose, 4.67 
g of cornstarch, 0.5 g of povidone, 0.1 g of calcium stearate) to make a total 
weight of 10 g (after drying) were added to a solution in 10 ml of alcohol 
of about 2.5 mg of ethinyl estradiol, 5.0 mg of mestranol, and 50.0 mg of 
ethynodiol diacetate, each accurately weighed. This mixture was shaken 
to homogenize, then dried at room temperature using reduced pres- 
sure. 


A 200-mg portion of this synthetic preparation was treated as in sample 
preparation. 


Procedure-Aliquots (20 pl) of standard preparation or sample 
preparation (synthetic preparation) were successively injected into the 
chromatograph. The peak area ratios of ethynodiol diacetate and the 
estrogen to the internal standard were calculated on the 210-nm detector 
and the peak area ratio of the estrogen to internal standard was calculated 
on the 280-nm detector for both standard and sample preparations. The 
quantities of active ingredients per tablet were calculated using the fol- 
lowing formula: 


R u  W c, = 2 x c, x-x' 
R, W,  (Eq. 1) 


where: 
C, = active ingredient per tablet, milligrams 
C,  = concentration of active ingredient in standard preparation, 


R,= area ratio of active ingredient to internal standard in sample 


R, = area ratio of active ingredient to internal standard in 


W, = weight of sample taken, milligrams 
Wt = average weight per tablet, milligrams 


milligrams per milliliter 


preparation 


standard preparation 


RESULTS AND DISCUSSION 
All chromatograms were as expected with respect to the shape of the 


peaks, and complete baseline resolution was achieved between the solvent 
front, ethinyl estradiol, mestranol, internal standard, and ethynodiol 
diacetate (Table I). An unidentified impurity definitely not either of the 
monoacetates (as determined by basic degradation) or either of the diene 
degradation products (as determined by acidic degradation), was detected 
while analyzing the ethynodiol diacetate-ethinyl estradiol formulations. 
It had a retention close to that of mestranol. Several solvent systems on 
different reversed-phase columns failed to improve separation. Spec- 
trometric study showed its absorption maximum was at -235 nm with 
no absorption at 280 nm. This impurity was found in all commercial 
formulations studied (two manufacturers), and it appeared to be an 
ethynodiol diacetate degradation product. 


To overcome the problem of the same impurity (No. 1, Table I) ap- 
pearing in ethynodiol diacetate-mestranol formulations, detection using 
280-nm wavelength seemed more appropriate for the estrogenic com- 
ponent. However, since ethynodiol diacetate has no measurable ab- 
sorbance at 280 nm, it was necessary to use 210 nm for its determination. 
A second impurity (K' = 11.62) did not conflict with other components 
in the mixture. 


Linearity of response versus concentration was studied for the three 
steroids a t  both wavelengths (Table 11). All standard curves were found 
to be linear in the concentration ranges studied and passed close to the 
origin. Their correlation coefficients were nearly ideal (>0.9996). 


Table 111 shows the accuracy of the procedure for a synthetic prepa- 
ration. Recovery was >98% for each steroid at  its determination wave- 
length, and reproducibility was excellent (RSD <1.3%). 


Quantitative analysis of three commercial dosage forms are listed in 
Table IV. All results are within compendial limits (90-110%). Coefficients 
of variation are <2.0%. A difference of 2.4% is reported for mestranol 
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Table 111-Recovery of Steroids from a Synthetic Preparation 


Recovery a t  210 nma Recovery at  280 nma 
Added, 


Steroid PI? PCg % cv M % cv 
Ethinyl estradiol 51.86 
Mestranol 100.23 
Ethvnodiol diacetate 1015.5 


50.98 
98.97 


1008.6 


98.3 
99.0 
99.3 


1.3 
1 .o 
0.7 


51.96 
99.78 
- 


100.2 1.1 
99.8 1.1 
- - 


a Average of five determinations. 


Table IV-Assay of Commercial Tablets a 


Steroid 
Product A Product B Product C 


Wavelength Setting, nm % Label Claimed CV % Label Claimed CV % Label Claimed C V 
- - Ethinyl estradiol 210 99.9 1.2 101.3 1.3 


101.3 1.9 102.5 1.8 
- - 103.2 1.3 


280 
Mestranol 210 


- - 100.8 0.8 280 
Ethynodiol diacetate 210 96.5 0.9 95.2 0.9 92.4 0.5 


- - 
- - 
- - 


a Average of 10 determinations. 


analyses between the two wavelengths used, whereas analysis of the 
synthetic formulation revealed a variation of 0.8%, which is relatively 
minor. Variations reported for ethinyl estradiol(-l.5%) are the same for 
tablets and the synthetic formulation. 


CONCLUSIONS 
This HPLC procedure, using dual wavelength detection, is fast and 


accurate. It has been specially designed for single dosage form analysis 
as required in the USP-NF content uniformity test, and would advan- 
tageously replace the long, open-column chromatography procedure. 


REFERENCES 


(1) “The United States Pharmacopeia,” 20th rev., Mack Publishing 


Co., Easton, Pa., 1980. 


London, England, 1973. 
(2) “British Pharmacopoeia,” Her Majesty’s Stationery Office, 


(3) R. Pasini and G. Gavazzi, J. Pharm. Sci., 58,872 (1969). 
(4) R. Mestres and J. L. Berges, Trau. SOC. Pharm. Montpellier, 32, 


313 (1972). ~~~ 


(j) M: A. Korany, M. Abdel-Salam, and A. M. Wahbi, Analyst, 102, 
683 (1977). 


(6) A. P. Shroff and J. Grodsky, J.  Pharm. Sci., 56,460 (1967). 
(7) M. Amin and M. Hassenbach, Analyst, 104,407 (1979). 
(8) K. R. Bagon and E. W. Hammond, ibid., 103,156 (1978). 
(9) G. L. Schmidt, F. L. Vandemark, and W. Slavin, Anal. Biochem., 


91,636 (1978). 
(10) R. W. Roos, J. Pharm. Sci.,  67,1735 (1978). 


Effect of the pH-Zero Point of Charge Relationship on the 
Interaction of Ionic Compounds and Polyols with 
Aluminum Hydroxide Gel 


DHIREN N. SHAH *, JOSEPH R. FELDKAMP *, JOE L. WHITE $, and 
STANLEY L. HEM*X 
Received December 12,1980, from the *Department of Industrial and Physical Pharmacy and the $Department of Agronomy, Purdue 
University, West Lafayette, IN 47907. Accepted for publication June 26,1981. 


Abstract 0 The adsorption of magnesium nitrate, docusate sodium, and 
mannitol by chloride-containing aluminum hydroxide gel or aluminum 
hydroxycarbonate gel can be directly related to the surface charge 
characteristics of the aluminum hydroxide gel as determined by the 
pH-zero point of charge (ZPC) relationship. Magnesium cation is com- 
pletely adsorbed under pH conditions where the gel has a negative surface 
charge, i .e.,  when the pH is above the ZPC. Docusate sodium is more 
strongly adsorbed when the pH-ZPC relationship causes the surface 
charge of aluminum hydroxycarbonate gel to be positive indicating ad- 
sorption of the docusate anion. However, adsorption also occurred when 
the pH waa above the ZPC suggesting that adsorption of the hydrophobic 
portion of docusate anion by van der Waals forces also contributes to the 


overall adsorption mechanism. Mannitol is adsorbed under all pH con- 
ditions. However, greater adsorption occurs when the pH is above the 
ZPC. Maximum hydrogen bonding is believed to occur when mannitol 
acts as the proton donor and the negative aluminum hydroxycarbonate 
gel surface serves as the proton acceptor. 


Keyphrases Aluminum hydroxide-gel, adsorption of ionic com- 
pounds and polyols, effect of pH-zero point of charge Aluminum hy- 
droxycarbonate-gel, adsorption of ionic compounds and polyols, effect 
of pH-zero point of charge 0 Adsorption-ionic compounds and polyols 
to aluminum hydroxide and aluminum hydroxycarbonate, effect of 
pH-zero point of charge 


The zero point of charge (ZPC) is an important property 
of colloidal systems possessing a pH-dependent surface 
charge. The ZPC is the pH at which the net surface charge 
is zero; at this pH the densities of the positive and negative 


charges are equal. The apparent surface charge can be 
controlled by adjusting the pH to be either below or above 
the ZPC to produce a positive or negative surface charge, 
respectively (1). A recent study demonstrated the impor- 
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Abstract The physical alignment of the paddle and the vessel is critical 
in ohtaining reproducible results from the  IJSP dissolution test with 
Apparatus 2. Large variations in dissolution results were traced to minor 
variations in alignment of different apparatuses. 


Keyphrases Dissolution-USP Apparatus 2, reproducibility of results 
0 USP-dissolution Apparatus 2, reproducibility of results 0 Appara- 
tus-USP dissolution Apparatus 2, reproducibility of‘ results 


This laboratory has been recently studying the sys- 
tematic error associated with Apparatus 2 of the USP 
dissolution test (1). Collaborative studies conducted by the 
Academy of Pharmaceutical Sciences] and by the Food 
and Drug Administration (2) showed a wide variation in 
test results reported by different laboratories. The present 
report is the first of a series of papers describing sources 
of systematic error associated with the dissolution test. 


The test method first appeared in the Fourth Supple- 
ment to USP XIX and N F  XIV (3). The stirring element 
consisted of a shaft with a detachable paddle blade posi- 
tioned on its side. In the Fifth Supplement of USP XIX 
and NF XIV, the stirring element was modified to its 
present configuration: the blade is now rigidly mounted 
through the diameter of the shaft. The data reported in 
this paper were collected prior to  the modification of the 
apparatus. 


~ 


Unpublished data, Dissolution Technology Committee, APhA Academy of 
Pharmaceutical Sciences. 


EXPERIMENTAL 


Two commercial samples of 5-mg prednisone tablets (rel’erred to as 
Tablet  0 and Tablet  1) were used for the  evaluation of six dissolution 
apparatuses. Dissolution data  for the two samples from each apparatus 
were collected using a single set of six glass dissolution vessels’ and u n -  
form analytical technique. Two appartuses. designated A and €3, were 
designed and built by the Food and Drug Administration. Four appara- 
tuses, designated C, D, E, and F. were commercially available:'. Each 
apparatus  could test six tahlets simultaneously. 


T h e  dissolution and analytical methodology is descrihed in the Fourth 
Supplement to  USP XIX and N F  XIV (4). 


RESULTS AND DISCUSSION 


T h e  data collected from the two samples with each apparatus are 
shown in Table I. T h e  results for apparatuses E and P are considerahly 
higher than those for the other four apparatuses. These discrepancies 
were traced to  minor variations in the  vertical alignment of the paddle 
shafts. T h e  experiment pointed out two deficiencies in the dissolution 
methodology. 


T h e  first deficiency was that the  equipment operator could not be 
certain that the [ISP alignment specificat ions were I)eing met: t.hr paddle 
shaft must be aligned so tha t  its axis is not more than 0.2 cni from the 
vertical axis of the vessel a t  any point. Devices adequate to measure and 
adjust the equipment t o  meet this requirement were not available ini- 
tially. Although the  apparatus was adjusted to make the drive head 
parallel with the  base, no conscientious el’f‘ort was made to  improve the 
precisiott with which a vessel was centered around its shaft. 


The  second deficiency lay in the design of the apparatirs. The support 
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Table I-Comparison of Dissolution Data  from Different 
Apparatuses for  Two Samples of 5-mg Prednisone Tablets a 


Tablet O b  Tahlet 1‘ 
- Apparatus X fSD 7 fsn 


A 19.9 f 6 . 4  52.6 f5.6 
R 19.3 f7.8 53.7 f6 .6  
(: 2s. 1 f11.5 56.1 f l l . 5  - .  


D 22.1 f9.5 53.5 f3.4 
E 29.9 f13.1 63.2 f10.4 
F 37.7 f17.0 80.7 54.0 


0 Results in percent of label claim dissolved at  30 min. b n = 12. ‘ n = 6. 


Table 11-Comparison of Dissolution Data from Two Samples of 
5-mg Prednisone Tablets After Realignment of Apparatuses a 


Tablet 1‘ - 
X X *srj 5 S D  


E 19.0 f6.3 48.8 f4.8 
F 20.6 f6.8 46.3 f3.3 


Tablet O h  - 
Apparatus 


0 Results in percent of lahel claim dissolved a t  30 min. h n = 12. n = 6. 


Table 111-Effect of Verticality of Paddle Shafts on Dissolution 
Results Obtained from Tablet  1 


Dissolution Resultsu 
Condition x f S D  JT fSD 


Shafts in vertical position 50.1 f5 .2  48.6 f2.7 
Shafts 0.5 degree from vertical position 53.8 f4 .6  54.6 f 4 . 2  
Shafts realicned to vertical oosition 50.6 fB.6 ~ 


~ ~ ~~ 


Duplicate runs. Results in percent ( 1 1  label claim dissolvecl a t  30 min.  n = 6. 


for the dissolution drive for apparatuses D, E, and F consisted of a keyed 
center post. The drive could be moved vertically on the post and pivoted 
up and out of the way to facilitate the changing of vessels between tests. 
Because of this design the dissolution drives of apparatuses D, E, and F 
were held less rigidly and precisely over the holes in the base of the ap- 
paratus than the dissolution drive of apparatus C. 


Alignment procedures were developed for the apparatus. A centering 
tool, a paddle depth gauge, and a means of holding the vessel in a position 
centered around the paddle shaft were developed. These procedures and 
tools (5) were used to realign apparatuses E and F. The dissolution test 
was repeated on Tablet 0 and Tablet 1. Realignment improved the test 
results for apparatuses E and F (Table II), which were in closer agreement 
with the Table I results for the other four apparatuses than before re- 
alignment. 


Data collected from Tablet 1 after alignment of a commercial appa- 
ratus4are shown in Table 111. The shaftswere then tilt.ed -0.5 degree by 
raising one side of the drive base by 3 mm. Additional dat.a were collected. 
The shafts were readjusted to a vertical position, and the test was re- 
peated a third time. The data (Table 111) show that the effect of tilting 
the shafts from a vertical position by only 0.5 degree is suhstantial and 
reproducible. 


The shafts in a six-spindle apparatus can all be made vertical only if 
the chucks hold the shafts parallel to each other. The shafts of one of the 
commercial apparatuses showed small deviations from parallelism. 
Vernier calipers, capable of measurement, to the nearest 0.02 mni, were 
used to measure the distances between shafts. Measurements were taken 
in a horizontal plane near the chucks and i n  a horizontal plane 17 cm 
below the chucks. The differences in the measurements (Fig. 1) are small 
but significant. If shafa 1.2.3, and 5 are made vertical, shafts 4 and 6 will 
not be vert,ical. Shaft 4 in particular will be displaced about 0.5 degree 


1 2 3 
$- + t 0 . 2 8 4  -G-- -O.lO---z 


t 
+I60 


I 
f 0.04 + 0.62 


I 
c- - 0.68 - +-- -0.98 


4 5 6 
Figure I - h i a t i o n s  ( in  rnillinwtrrs) from pctrallelism ofshof ts  of on(’  
conimrrciol appnrutub. Measurements 11’crc’ takc7n rcihcrc~ the shafts cwmc 
out 0/ the rhucks and compared to mca.surcrnc~nt.s tctlzvn 17 cm hclorr 
[ h e  chucks. A po,sitioe sign indicates the f i c ’ o  shafts arc> diucrgent. A 
negative sign indicates the two shafts are coniwrgcnt. 


from a vertical position. When Tablet 1 was examined with this appa- 
ratus, the data from shafts 4 and 6 were markedly diff‘erent from those 
from shafts 1,2,3, and 5 ,  and the differences were ofthe same magnitude 
as the differences in averages reported in Table 111. 


Experience has since indicated that an analyst who is new t o  the dis- 
solution test may interpret the USP requirement for paddle shal’t 
alignment as a requirement to center the tops of the vessels around the 
shafts to within 0.2 cm. It is equally important t,hat the s1iaft.s are precisely 
vertical. Despite the fact that the top of each vessel was centered around 
its shaft, minor vertical deviations of shafts caused large changes in the 
test results from Table 1. 


CONCLUSIONS 


The liquid flow rates generated in different sections of the vessel are 
controlled by the location of the paddle in the vessel as well as the rota- 
tional rate of the paddle. Dissolution results obtained prior to modifi- 
cation of the paddle blade can differ from results obtained after modifi- 
cation. The system geometry of both paddle designs must be precisely 
controlled if results from either are to he reproducible. To minimize error 
resulting from minor variations in the system geometry of Apparatus 2, 
the base of the apparatus must be horizontal, the shafts must he vertical, 
each shaft must be positioned along the vertical axis of each vessel, and 
the paddles must be set a t  a standarized depth in the vessels. These 
alignments must be made as precisely as current technology will allow. 
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Abstract The theoretical basis for using dipole moment as a free- 
energy related parameter in studying drug-receptor interaction and 
quantitative structure-activity relationship (QSAR) is presented. Over 
300 group dipole moments for aromatic substituents were compiled using 
the dipole moments of monosubstituted benzene derivatives. Examples 
in the literature of using dipole moment in QSAR studies are also pre- 
sented. 


Keyphrases Dipole moment-parameter in drug-receptor interaction 
and quantitative structure-activity relationships, list of 300 for aromatic 
substituents 0 Quantitative structure-activity relationships-dipole 
moment as a parameter, 300 dipole moments listed for aromatic sub- 
stituents 0 Drug-receptor interaction-dipole moment as a parameter, 
list of 300 dipole moments for aromatic substituents 


It is generally accepted that most interactions between 
drugs and receptors are physicochemical processes. When 
an equilibrium between a drug-receptor complex ( D R ) ,  
a free drug ( D ) ,  and unoccupied receptor ( R )  is established, 
the reversible process can be expressed as: 


% (Eq. 1) D + R , D R  


Under equilibrium conditions the following holds: 


log K = -AGo/2.303RT (Eq. 2) 


where K = ( k l / k 2 )  is the association constant of the com- 
plex DR, A G O  is the change in standard free energy during 
the formation of D R ,  T is the absolute temperature, and 
R is the gas constant. 


The ability of each member of a series of drugs to bind 
to the receptor is dependent on the difference in the 
standard free energy change (AGO) under the same con- 
dition. Factors contributing to this variation in AGO can 
be divided into three major categories: lipophilic, elec- 
tronic, and steric. 


kz  


THEORETICAL 


Based on linear free-energy relationships, Hansch and Fujita ( 1 ,  2 )  
developed a general model to quantitatively describe the relationships 
between biological activities and molecular structures: 


log (1 /C)  = - a x 2  + b r  + pu + dE, + c 0%. 3) 


where log ( l / C )  is the negative logarithm of the concentration or dosage 
of a drug producing a standard biological response, K is the hydrophobic 
constant of the substituent, u is the Hammett substituent, and E, is the 
steric constant. 


This model was later extended to include differences in degree of 
ionization, molecular size, and dipole moment, as well as branching 
(3-5): 


log biological response = - a(1og P)2 + b log P + c (pKa - pH) 
+ d log MW + e p + f  x + g  (Eq. 4) 


where pKa - pH equals the log (undissociated/dissociated) for acids, p 
is the dipole moment, and x is the branching or other steric factors. 


The electronic effects in drug-receptor interactions are represented 
by the electric dipole moment, p. 


All forces between atoms or drug molecules and receptors or bioma- 
cromolecules are electrostatic in origin. Several types of noncovalent 
interactions between drugs and receptors can be described as interactions 
between charges (long-range force), between charge and a dipole, and 
between dipoles (short-range forces). 


The potential energy of interaction of two oppositely charged ions 
relative to the magnitudes of the charges 41 and q 2  and the distance be- 
tween them r ,  is given by Coulomb’s law: 


(Eq. 5) 


where D is the dielectric constant through which the charges interact. 
The energy of interactions between charges and receptors is much larger 
than that of noncharged electronic effects, hydrophobic effects, and 
others. A charged species also has quite different transport properties 
than a noncharged species. Therefore, the ionic member in a series of 
compounds often does not fit the regression line obtained from the series 
of noncharged compounds and is usually excluded from the series in 
quantitative structure-activity relationship (QSAR) analysis. 


The energy of interaction between an ion and a dipole is given by the 
following (6): 


-Nae p cos 0 
D(r2  - d 2 )  


E =  (Eq. 6) 


where No is Avogadro’s number, e is the magnitude of the charge, 0 is the 
angle between the line joining the charge and the middle of the dipole 
and the line between the ends of the dipole, D is the dielectric constant, 
r is the distance between the charge and the middle of the dipole, and d 
is the length of the dipole. It is obvious from this equation that the extent 
to which an ion and a dipole interact is related to the dipole orienta- 
tion. 


The energy of interaction between two dipoles in the most favorable 
alignment is given by: 


where pa and p b  stand for the dipole moments (6): 
The average interaction for all orientations is given by: 


(Eq. 7) 


(Eq. 8) 


The energy of dipole-induced dipole interactions (Debye forces) is: 


(Eq. 9 )  


where a. and Lyb are the polarizabilities. 
The dispersion interactions (London forces) are governed by: 


(Es. 10) 


where I ,  and I b  stand for the ionization potentials. 
Note that the dipole-dipole (Keesom) interactions are not only de- 


pendent on the orientation of the dipoles but also inversely proportional 
to the third power of distance (Eq. 7) or the sixth power of distance for 
all orientations (Eq. 8). 


In QSAR studies it i t  assumed that the receptor remains unchanged; 
therefore, only the properties of the drug molecule need to be considered 
(pa ,  a a ,  10, etc.). 


In most of the published QSAR studies, the electronic parameters most 
commonly used are the Hammett u constant and Taft polar constant u*. 
The Hammett u constants result from the comparison of the pKa of a 
series of substituted benzoic acids to that of benzoic acid. They describe 
the magnitude of electronic effects of substituents on the reactive center 
attached to the benzene ring, i.e., the dissociation constants of substituted 
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henzoic acids. In other words, u constants are a measurement of sub- 
stituent electronic effects on the reactivity of other parts of the same 
molecule. It is known that in using u constants, the orientation and the 
rate or equilibrium of reactions can be predicted when aromatic com- 
pounds are substituted by various functional groups. 


If interactions between drugs and receptors are controlled by the 
electronic nature of the substituents on the benzene ring, u constants are 
suitable descriptors of electronic effects for QSAR analysis. However, 
not all the electronic effects of a series of drugs in drug-receptor com- 
plexes work by varying the electronic properties of another reactive 
center. Different substituents in a series of drugs may directly interact 
with receptors, i.e., uia charge-dipole, dipole-dipole, dipole-induced 
dipole, and induced dipole-induced dipole interactions between the 
substituent of a drug and a part of receptor. These interactions could 
affect the binding force of the drug with the receptor. Therefore, dipole 
momenta, which are the quantitative measurements of separation of 
charge, should be useful in describing direct drug-receptor interactions 
through noncovalent. bonding. 


Group dipole moments of substituents are thermodynamically linear 
free-energy related functions. They are vectors with additive and con- 
stitutive properties. For congeneric series of compounds, dipole moments 
have been frequently found to correlate well with u or other linear free- 
energy related parameters. For example, the dipole moments of substi- 
tuted anilines have been correlated with the melting points, N-H 
stretching frequency in infrared spectra, as well as up constants (7). 
Colinese et al . ,  also have found linear correlation between the dipole 
moments and Y ( O - H )  of a series of 4’-substituted-4-hydroxyazobenzenes 
(8). It was also reported that for N-(4-substituted benzylidene)-4-hy- 
droxyanilines that Y ( O - H )  and p(0-1.1) are linearly related to Hammett’s 
u constant (9). A linear relationship between ~ ( o - H )  and the relative 
frequency shift (Av) in dioxane has been used as an evidence of the de- 
pendence of p(0-H) on the strength of hydrogen bonding (9). Van Beek 
(10) also reported some linear relationships between dipole moments and 
u constants in a few disubstituted benzene systems. Apparent correlation 


has also been reported between the N-H chemical shift and the dipole 
moment of lactams and thiolactams (11). 


Despite successful correlation within limited series, the correlation 
between p and u may vary drastically or fail completely if noncongeneric 
groups are lumped together (Figs. 1 and 2). 


Since Hammett’s substituent constants (u) are more readily available 
for a wide variety of substituents (12.13) than dipole moments, the use 
of dipole moments in QSAR has only been reported by a few groups in 
spite of the direct relationship with interaction energy. The present report 
reviews the reported cases of QSAR using dipole moment as an inde- 
pendent electronic parameter, and compiles a table of group dipole mo- 
ments for future use. 


Method-More than 300 group dipole moments were collected (Ap- 
Dendix 1). most of which were taken from McClellan’s book (14). The 
magnitudes of the group dipole moments of substituents are equal to 
those of the corresponding monosubstituted benzene. The sign is taken 
by comparison of the electronegativities between the substituent and the 
aromatic carbon to which the group is connected. A negative sign stands 
for a negative end pointing away from the benzene ring. 


A total of 114 substituent groups (for which both p and u are available) 
were analyzed to examine the interrelationship between p and u. Ham- 
mett’s u constants were taken from Hansch and Leo’s book (13). All the 
regression lines were derived by computer’ uia the method of non. 
weighted least-squares fit. 


RESULTS AND DISCUSSION 


The overall correlations between Hammett u constants and the group 
dipole moments of 114 substituents are shown in Eqs. 11 and 1 2  


p = -5.99 urn - 0.53 
(Es. 11) n = 114, r = 0.749, s = 1.279 


1 IBM 370/185 computer. 
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Figure 2-A plot of p versus a,,,. Note the scattering of the points, and the quite different slopes and intercepts for equations derived from various 
subsets. 


p = -3.65 up - 1.27 
n = 114, r = 0.706, s = 1.367 (Eq. 12) 


where p is the group dipole moment of the substituent, and u,,, and up 
are meta- and para-substituent constants, respectively. 


Equations 11 and 12 indicate that the correlatioiis between a constants 
and dipole moments are not very good, and only 56 and 50%, respectively, 
( rZ X 100) of the variance in the data can be explained by these equations. 
In other words, about half of the variance in the data cannot be accounted 
for by these linear relationships. Comparison of Eqs. 11 and 12 shows that 
the correlation between a, and u is better than that of up and p. This 
is probably due to the delocalization of ?r electrons between para-sub- 
stituents and the benzene ring. The a, value is mainly a measure of in- 
ductive effect of the substituent and hence is more comparable to the 
group dipole moment. 


The signs of the dipole moments of hydroxy and alkoxy groups are 
negative, i.e., the oxygen atom is a t  the negative end of the dipoles in 


Table I-Correlations Between Group Dipole Moment and u 
Constants for Selected Subgroups from Table I. Showing 
Different Slopes and Intercepts 


n r SD Equation 


p = -6.82 up - 0.05 13 
p = -4.83 up - 0.49 15 
p = -3.68 up - 0.18 14 


10 
p = 6.42 u >6.16 8 
p = -16.5$ a,,, + 8.48 5 
p = -8.57 a, + 0.42 14 
p = -161 am + 17.46 8 
p = 2.20 am - 3.87 9 
u. = 6.62 am - 6.63 5 


p = -2.99 up - 0.06 


0.965 0.459 (13) 


0.999 0.065 (15) 
0.999 0.036 (16) 
0.995 0.097 (17) 
0.994 0.147 (18) 
0.954 0.603 (19) 
0.910 0.909 (20) 
0.946 0.099 (21) 
0.999 0.041 (22) 


0.999 0.079 (14) 


n = number of data points; r = correlation coefficient; and SD = standard de- 
viation. 


phenol and alkoxybenzene molecules. This can be explained in terms of 
the high electronegativity of oxygen in spite of the resonance effect in 
benzoic acid: 


By dividing 11 substituents into subgroups graphically, there are quite 
different equations correlating dipole moments and a constants as shown 
in Table I. In each subgroup no distinct structural relationship is found. 
The slopes range from -161 to +6.62, while the intercept ranges from 


Although the application of dipole moment in QSAR is not as common 
as that of a constants, in some cases it can play an important role in 
drug-receptor interactions. For example, Tute’s results (15) on the in- 
hibition of viral neuraminidase by l-phenoxymethyl-3,4-dihydroqui- 
nolidines was reexamined. Using group dipole moment values instead 
of the components along the vertical axis put Eq. 23 was derived, which 
is slightly better than Tute’s result using p u  (Eq. 24): 


+17.46 to -6.63. 


log 1/C = 0.258~ + 0.094~ + 0.034~~ + 2.596 
n = 16, r = 0.956, s = 0.062 (Eq. 23) 
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Table 11-Examples of the Application of Dipole Moment and 
Polarizability in QSAR a 


Biological Activity and 
Compounds Correlations Reported Reference 


1-Decylnipecotamides Chlorinesterase inhibition. 16 


Local anesthetics Minimum blocking concentration 17 


Inhibitory activity parallels the 
increase in dipole moment 


(MBC) is a function of 
polarizability and ionization 


Chloramphenicol 
analogs 


Cyclic ureas and 
thioureas 


1-Decyl-3-carba- 
moylpiperidines 


Anticonvulsants 


Sulfonamides 


Nitroanilines 


Miscellaneous 
anticonvulsants 


Barbiturates, 
hydantoins, and 
imides 


potential I,, 
log MBC = - a d p  + b 
Antimicrobial activity is a function 


of electronic polarization (P,) 


n = 10, r = 0.991 
Respiratory stimulant activity is 


kr = 2.76 P, - 6.55 


dependent on the dipole moment 
of three series of the compounds, 
while the acute lethal toxicity is a 
function of molecular weight 


Butyrylcholinesterase 


pIso = -0.058~' + 0 . 9 2 3 ~  - 0.456p + 5.589 
n = 6, r2 = 0.998 (more data needed) 
Antielectroshock in mice 
log l /C = 0.720 log P - 0 . 3 9 6 ~  + 
n = 11, r = 0.967, SD = 0.189 
Antimicrobial activity measured as 


log 1/MIC = -0.11 pKa + 0.041p2 + 
n = 10, r 2  = 0.91, SD = 0.18 
Sweetening potency 
log relative sweetness = 1 . 3 1 ~  - 


3.144 


minimum inhibitory 
concentration (MIC) 


5.31 


1.0800 + 0.45~'  + 0 . 0 5 2 ( ( ~ ~  - ( Y H )  + 1.66 
n = 9, r 2  = 0.976, SD = 0.149 
(too many parameters for too few 


Antielectroshock activity 


log l /C = -0.222(10g P)2  + 1.153 log 


n = 18, r = 0.092, SD = 0.24 
Antipentylenetetrazol seizures 


data points) 


P - 0 .368~  + 2.994 


log l /C = -O.l23(10g P)' + 0.588 log 


n = 10. r = 0.99. SD = 0.12 
P - 0 . 5 9 7 ~  + 0.825 


18 


19 


20 


21 


22 


22 


23 


23 


Acute lethal tox'icity 2 
log l /C = -0.226(10g P)2  + 0.800 log 


P - 0 . 3 6 1 ~  + 0.175 


Convulsants (lactams, Acute lethal toxicity 
n = 10, r = 0.99, SD = 0.11 


23 
thiolactams, ureas, 
and thioureas) 


log I/C = -0.364(log P)' + 1.005 log 
P + 0 .247~  + 1.298 


n = 20,.r = 0.89, SD = 0.24 
7-Substituted-l,4- Antipentylenetetrazol seizures 24 


benzodiazepi- 
nones 


log l /C = -0.301(10g P)' + 0.852 log 


n = 12, r = 0.915, SD = 0.227 
P - 0 .629~  + 4.139 


n = 16, r = 0.933, SD = 0.388 
Carbamates and Acetylcholinesterase inhibition 25 


aromatic 
compounds 


log = -1.340 log MR - 
2 . 3 4 0 2 ~  + 2 . 4 0 4 2 ~  - 0.478 D + 
0 . 3 3 8 ~  + 4.818 


n = 32, r = 0.945, SD = 0.594 


Continued 


Table 11-Continued 


Biological Activity and 
Compounds Correlations Reported Reference 


Quaternary Affinity for Acetylcholine Receptors 26 
ammonium 
compounds 


log K = 0 . 7 8 4 ~ ~  - 0.353 (T?N.)~ - 
0.171 TEN, + 0 . 7 3 6 ~ ~  + 2.309 nOH + 2.173 


n = i28;; = 0.961, SD = 0.441 
N-SCC13 containing Inhibition of spore germination 27 


fungicides versus Stemphylium 
sarcinaeforme 


log P + 0 .683~  - 1.666 
log 1/C = -0.314 (log P ) 2  + 2.385 


n = 14, r = 0.951. SD = 0.411 


0 n = number of data points used in the regression, r = correlation coefficient, 
SD = standard deviation. 


log l /C = 0 . 2 7 1 ~  + 0.062~" + 0 .030~( ,~  + 2.552 
n = 16, r = 0.937, s = 0.074 (Eq. 24) 


I t  seems that the substituent effect in the drug-receptor interaction 
depends more directly on the separation of charge p than on the electronic 
distribution of the benzene ring (u).  Although the difference in the re- 
gressions obtained is small, this example illustrates the usefulness of the 
aromatic group dipole moment in QSAR. 


Other examples of QSAR using dipole moment as an independent 
variable are shown in Table 11. The examples presented and the theo- 
retical relationships between dipole moment and intermolecular inter- 
action energies with receptors, strongly suggest that dipole moment may 
be a parameter worth considering in QSAR, especially if u or other elec- 
tronic parameters fail to give meaningful correlation. 


McFarland (22) has reported that in some cases p2 gives better corre- 
lation than p ;  this may be due to the relatively narrow range of p exam- 
ined. When p' is used, a wider range of values and a better correlation 
are obtained. Another report (28) found high degrees of intercorrelation 
between log molar refraction (MR = P,) and log molar volume ( M V ) ,  and 
between log molar refraction and log molecular mass ( M ) :  


(Eq. 25) 


(Eq. 26) 


log M R  = -0.290 + 0.981 log M V  
n = 213, r = 0.943, s = 0.086 


log M R  = -0.358 + 0.884 log M 
n = 213, r = 0.917, s = 0.104 


This is easily understandable from the following equations: 
n 2 - 1 M  
n 2 + 2 d  


M M V = -  
d 


MR=-- 


The only substituent groups which will not fit Eqs. 27 and 28 are the 
ones with unusually high densities ( d ) ,  such as heavy metals and poly- 
halogenated groups (28). 


Furthermore, because of the interrelationship between M R  (P,) (29) 
and a,  one would also expect similar relationship between a and M :  


(Eq. 29) 
where N ,  is Avogadro's number. 


I t  was recently reported (25) that charge-transfer effects of various 
carbarnates and aromatic compounds can be separated into steric, elec- 
tronic ( p  and u),  and indicator variables (the number of lone pair elec- 
trons). They have also shown that the binding of these acetylcholinest- 
erase inhibitors to the enzyme is well correlated with substituent con- 
stants like log M R ,  ZT, Zu, and D (indicator variable, Table 11). 


The affinity constants of 128 quarternary ammonium compounds were 
correlated linearly with the hydrophobicity constant of the side chain 
(TR), the dipole moment ( p ~ ) ,  and the number of hydroxy group (nOH). 
The dependence on the hydrophobicity constant of the quaternary 
ammonium head ( T - ; ~ )  is parabolic (26). 


The dipole moment of the heterocyclic ring bearing N-SCC13 group 
has also been shown to be important in determining the antifungal ac- 
tivity of these fungicides (27). This is true in the spore germination test 
against a single organism S. sarcinaeforme in QSAR as well as in a test 
using mixed organisms. In the latter case, discriminant analysis has in- 
dicated the important roles of both p and log P (27). 


I t  is hoped that the compilation of Table I will make it easier for me- 
dicinal chemists to use dipole moment as an independent electronic pa- 
rameter in future QSAR work. 


MR = P,,  P, = (4/3)rNa(u 
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Appendix I-Aromatic Group Dipole Moments a O R  


No. Formula R 
Temperature, 


PR (Debye) WLN Solventc OC 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
1 2  
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26a 
26b 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 


55 


56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 


-Br 
-c1 
-F 
-H 
-GeCl3 
-1 
-NO 
-NHz 
-NO2 
-NHNHz 
-N=N=N 
-OH 
-PHz 
-SOzF 
-SF5 
-SH 
-Sic13 
-SiF3 
-Cc& 
-CF3 
-0CF3 


-SeCF3 
-SCF3 


-CN 
-N=C=O 
-SCN 
-NCS 
-SeCN 
-CHO 
-COOH 
-0CHFz 
-SCHF2 
-SOCHF:! 
-SOzCHFz 


--C,HoCI 
-CHZBr 


- - C H = N O H ~ ~ ~ ~ )  
-NHCHO 
-CH20NO 
-CH3 
-CH20H 
-0CHq 


-secH3 
-NHCH3 
-NHSOzCH3 
-C-CH 
-CHzCN 


--CH=CHz 
-COCH3 
-OCOCH? 
-COOCH, 
-CHzCOOH 
-NHCOCH3 
-NHCSCHn 


-1.57 
-1.59 
-1.43 


0.03 
-3.15 
-1.36 
-3.0gd 


1.53 
-4.13 


1.80 
-1.56 
-1.59 
-1.11 
-4.59 
-3.44 
-1.33 
-2.40 
-2.72 
-2.03 
-2.61 
-2.36 
-2.50 
-2.48 
-4.08 
-3.93 
-3.01 
-2.91 
-4.01 
-3.02 
-1.30 
-2.46 
-2.48 
-3.93 
-4.08 
-1.87 
-1.83 
-1.60 
-3.42 
-0.87 
-0.85 
-3.35 
-2.10 


0.36 
1.73 


-1.30 
-5.16 
-3.98 
-4.75 
-3.77 
-1.34 
-1.31 


1.69 
-4.60 
-0.77 
-3.60 


-6.63 


0.20 
-2.90 
-1.72 
-1.92 


1.86 
-3.65 
-4.28 


0.39 
-1.38 
-3.48 
-4.99 


1.46 
-4.08 


1.61 
-4.39 
-1.31 
-3.38 
-2.68 
-1.71 


*E  
*G 
*F 
*H 
*-GE-GGG 
*I 
*NO 
*Z 
*NW 
*MZ 
'NNN 
*Q 
*PHH 
*SWF 
*SFFFFF 
*SH 
*-SI-GGG 
*-SI-FFF 
'XGGG 
*XFFF 
*OXFFF 
'SXFFF 
*-SE-XFFF 
*CN 
*NCO 
*SCN 
'NCS 
*-SE-CN 
*VH 
*VQ 
*OYFF 
*SYFF 
*SO&YFF 
'SWYFF 
*1E 
* 1G 
* 11 *vz 
* lUNQ -T 
* lUNQ -C 
* MVH 
* lONO 
*1 
* 1Q 
*01 
"MYZUS 
*SO&l 
'SW1 
'OSW1 
*s1 
*-SE-1 
* M1 
'MSWl 
'1UU1 
*1CN 


'AT5NNVOJ 


*1u1 
*V1 
'OV1 
*vo1 
*IVQ 
*MV1 
*MYUS 
'2 
'02 
'SW2 
*sw02  
*lSl 
*s2 
*N%i 
*PO&1&1 
*P l&l  
*lUUlXFFF 
* XFXFFFX FFF 
*XQXFFFXFFF 


cHx 
B 
B 
L 
B 
B 
B 
B 
B 
D 
B 
B 
Hx 
B 
B 
D 
B 
B 
CC14 
B 
B 
B 
B 
D 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
"B"h 
B 
B 
CC14 
ns 
B 
B 
B 
D 
B 
B 
B 
B 
ns 
B 
D 
B 
D 


B 


B 
B 
B 
B 
D 
B 
B 
cHx 
B 
B 
D 
D 
B 
B 
B 
B 
B 
B 
L 


20 
25 
30 
25 
25 
30 
25 
25 
25 
25 
25 
25 
20 
25 
25 
25 
25 
25 
25 
25 
25 
ns 
ns 
35 
20 
25 
20 
25 
25 
25 
25 
25 
25 
25 
25 
20 
25 
25 
25 
25 
ns 
ns 
25 
25 
25 
25 
20 
25 
25 
ns 
ns 
25 
30 
25 
25 


30 


25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
20 
20 
ns 
25 
25 


continued 
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Appendix I-Continued 


Temperature, 
No. Formula R PR (Debye) WLNb SolventC "C 


75 
76 
77 
78 


79 


80 


81 


82 
83 
84 
85 
86 


87 


88 


89 


90 


91 


92 


93 
94 
95 
96 
97 


98 


99 
100 
101 
102 


103 


104 


105 
106 
107 
108 
109 
110 
111 
112 


113 


-CH=CHCF3 
-C(CF+CH2 
-CH=CHCN(trans) 
-CH=CHCN(cis) 


<Jj 


<A 
-COCHzCO- 
-OCOCH=CH- 
-CH=CHCHO 
-CH=CHCOOH 
-COCOCH3 


Q 
I 


6 H 


QOH I 


HoQIN 
I 


HO TN 


I 
-SeC=CCH3 
-SeCH=CHCOOH(trans) 
-SeCH=CHCOOH(cis) 
-CH=CHCHz- 
-CH2CH&OO- 


U 
-COCzHs 
-CH*OCOCH3 
-COOCzHs 
-CHzCOOCH3 


-..:"-$2 


0- CH, 


-2.79 
-2.25 
-4.12 
-3.54 


-1.21 


-1.33 


-1.89 


-2.73 
-4.63 
-2.71 
-2.04 
-2.44 


3.14 


2.00 


2.26 


2.18 


2.43 


3.41 


-1.31 
-2.27 
-1.69 


-3.85 
0.62 


0.51 


-2.90 
-1.68 
-1.85 
-1.81 


1.97 


1.30 


-1.55 
-2.24 


0.55 
0.77 


0.40 
1.06e 


-3.60 


-2.86 


0.81 


*lUlXFFF 
*YUl&XFFF 
*1U1CN -T 
*lUlCN -C 


*BT5N CSJ 


*ET5N CSJ 


*DT5N CSJ 


*VlV* 
*OVlUl* 
*lUlVH 
*1U1VQ *vv1 
*AT5N CNJ 


*AT5NNJ 


*CT5MNJ 


*AT5NNJ CQ 


*AT5NNJ DQ 


'AT5NNJ EQ 


*-SE-lUU2 
*SE-1UlVQ -T 
*-SE-lUlVQ -C 
*1u2* 
*2VO* 


*AL3TJ 


* v 2  
*1ov1 
* v 0 2  
*1vo1 


*BT50 COTJ 


*0- CT4STJ 


* v s 2  
*YUS&02 
*3* 
*YUl 
*Nl&Vl 
*Y 
*YOl&Ol 
*/XFF/4F 


*BT5SJ 


B 
B 
B 
B 


cc14 


CCL 


cc4 
D 
D 
B 
B 
B 


B 


B 


B 


D 


D 


D 


B 
B 
B 
B 
B 


B 


B 
L 
B 
B 


B 


ns 


B 
B 
cHx 
B 
B 
cHx 
B 
B 


B 


ns 
20 
20 
20 


20 


20 


20 


25 
25 
25 
ns 
25 


25 


25 


25 


25 


25 


25 


25 
25 
25 
25 
25 


25 


30 
25 
25 
24 


20 


ns 


25 
25 
25 
25 
25 
25 
20 
25 


25 
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Appendix I-Continued 


No. Formula R 


~ ~ ~~ 


Temperature, 
"C SolventC M R  (Debye) WLN * 


114a 
114b 
115 
116 
117 
118 
119 
120 


121 


122 
123 
124 
125 
126 


127 


128 


129 


130 


131 


132 


133 


134 


135 


136 


137 


138 


139 


140 


141 


142 


143 


' 8 - 0  


-CO --Q 


-CO-N 3 cHa 


0.00 
-2.89 


0.73 
-1.80 
-1.85 
-1.82 
-1.86 
-2.13 


1.4Ie 


0.52 
-1.19 
-3.04 


0.68 
-5.30 


-4.10 


-3.45 


-3.15 


-1.94 


-2.28 


-2.57 


-1.64 


-4.52 


-1.96 


-2.46 


-4.10 


-1.10 


-0.88 


-0.79 


1.80 


-5.65 


-5.70 


*R A*B* 
* lUlVl  
*4* 
flOV2 
*lVOZ 
*VOY 
*20v1  
*lUlVOl 


*BT60 COTJ 


*X 
* 0 4  
*P0&02&02 
*l-SI-1&1&1 
*YCN&UYCN&CN 


* CL5VJ 


*V- BT5SJ 


*YUS- BT5SJ 


* BTGNJ 


* CTGNJ 


* DT6NJ 


*V- BT5MJ 


* DTGNJ A 0  


*0- BTGNJ 


*0- DTGNJ 


*V- AT5NTJ 


* BT5SJ C1 


* BT5SJ D1 


* ATGSJ &5 


*1- AT5NTJ 


* DT5NOVTJ A1 El 


* ET5NOVTJ A1 D1 


B 
B 
B 
L 
B 
B 
B 
B 


B 


B 
B 


B 
B 


B 


B 


cc14 


B 


B 


B 


B 


B 


ns 


B 


B 


D 


B 


B 


B 


D 


B 


B 


25 
25 
25 
28 
24 
25 
25 
30 


20 


25 
20 
25 
25 
30 


30 


25 


ns 


25 


25 


25 


25 


ns 


20 


20 


30 


25 


25 


30 


25 


ns 


ns 
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Appendix I-Continued 


Temperature, 
No. Formula R PR (Debye) WLNb SolventC "C 


144 


145 


146 


147 


148 


149 


154 


155 


156 


157 


158 


159 


160 


161 


162 


163 


CH,O qCH3 -2.32 * DT5NOJ CO1 El D 


-2.83 * ET5NOJ CO1 D1 D 


CH, 


-3.10 *1- BT5NNV DHJ E l  D 


-P 0 


-5.47 * AT5NNVJ BI  E l  D 


-5.47 * BT5NNVJ A1 El B 


-7.60 * BT5NNYJ A1 CUS E l  D 


-2.80 


-1.73 


-1.11 


-3.96 


-2.95 


-4.47 


1.23e 


-1.47 


-1.59 


-1.78 


-2.20 


-3.82 


1.56 


1.55 


* BT5NNJ CS1 El 


* 1u 1 v 0 2  


* BT5N CO AUTJ El El 


* AT6NVTJ 


* BT5N COJ DOVl 


* BT60  COTJ ENW E l  


*YO2 &02 


*NUNR DE 


*OR DE 


*DR CE 


*OR BE 


*OSWR DE 


*NUNR DG 


*R DI 


B 


1 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


ns 


ns 


25 


25 


25 


25 


25 


26 


25 


25 


ns 


ns 


20 


25 


20 


20 


20 


25 


25 


25 
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Appendix I-Continued 


Temperature, 
No. Formula R P R  (Debye) WLNb SolventC "C 


164 


165 


166 


167 


168 


169 


170 


171 


172 


173 


174 


175 


176 


177 


178 


179 


180 


181 


182 


183 


184 


185 


-9 I 


-9 3 


2.06 *OR BI 


1.68 *OR CI 


1.47 *OR DI 


2.38 *SR BI 


1.80 


1.50 


-2.95 


-3.01 


-3.06 


-5.22 


-4.04 


-4.04 


-4.60 


-4.72 


-2.16 


-6.36 


0.00 


-4.13 


-4.61 


-4.63 


-1.36 


-2.98 


*SR CI 


*SR DI 


*V- BT6NJ 


*V- CTGNJ 


*V- DT6NJ 


*SR BNW 


*SR CNW 


'OR CNW 


*OR BNW 


*OSWR DNW 


*SWOR DNW 


*MR BNW DNW 


*R 


*1- BTGNJ A 0  


*1- CT6NJ A 0  


*l- DT6NJ A 0  


*lUN- BT6NJ 


*1UN- CT6NJ 


B 20 


20 


20 


20 


B 20 


B 20 


B 25 


B 25 


B 25 


B 20 


B 20 


B 20 


B 20 


B 25 


B ns 


B ns 


L ns 


B 25 


B 25 


D 25 


B 25 


B 25 


continued 
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Appendix I-Continued 


Temperature, 
No. Formula R PR (Debye) WLNb Solvente "C 


186 


187 


188 


189 


190 


191 


192 


193 


194 


195 


196 


197 


198 


199 


200 


20 1 


2n2 


203 


204 


205 


206 


207 


208 


209 


0 


-4 
O O H  


-p 
HO 


-,SO*- - 


-s-s-(-J - 


-NHGH, 


9 
NH, 


-N=N 


NH, 


-4.16 


-1.73 


1.66 


1.16 


1.34 


1.63 


-4.07 


-5.05 


-4.72 


1.55e 


1.79 


1.11 


1.45 


-2.18 


-1.89 


-2.65 


-4.58 


1.87 


2.44 


1.49 


1.71 


2.50 


-2.65 


-2.83 


*1UN- DT6NJ 


*NUNO&R 


*NUNR DQ 


*OR 


*R DQ 


*R BQ 


*SO&R 


*SWR 


*OSWR 


* SR 


*SSR 


*MR 


*R BZ 


*1- CTGNJ 


* 1- BT6NJ 


*I- DT6NJ 


*MSWR 


*SR BZ 


*SR DZ 


*NUNR EZ 


*NUNR CZ 


*NUNR DZ 


* AT5NNJ C1 EOZ 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


D 


* BT5NNV DHJ D1 D l  E l  D 


25 


25 


25 


25 


20 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


20 


20 


20 


20 


20 


25 


25 
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Appendix I-Continued 


TemDerature. 
No. Formula R W R  (Debye) WLN Solventc "C 


210 


211 


212 


213 


214 


215 
216 
217 


218a 


218b 


219 


220 


221 


222 


223a 


223b 


224 
225 


226 


227a 


227b 


228a 


228b 


229 


230 


231a 


231b 


-0 
-4 


-9 
(" 


-9 
CN 


--CH=N 


-3.16 


0.62 


-1.55 


1.87 


1.56 


1.85 
-1.99 


1.53 


-4.88 


-1.22 


-4.01 


-4.23 


-4.43 


-5.04 


-4.14 


-0.94 


-1.90 
-3.04 


-1.92 


-2.90 


-1.61 


-2.70 


1.61 


-2.73 


1.94 


-3.44 


0.36 


* BT5NNY DHJ CUS D1 D 
D1 E l  


*AL6TJ 


*0- AL6TJ 


* AL6TJ DQ -C 


* AL6TJ DQ -T 


*20V3 
*V05 
*NY&&Y 


*OR BCN 


* CT56 BN DOJ 


*OR CCN 


*OR DCN 


*VOR DNW 


*SR BCN 


*SR DCN 


* CT56 BN DSJ 


*OVR 
*VR 


* OVR BQ 


*1U1- CT6NJ 


*YUNR 


*1U1- DT6NJ 


"NUYR 


*lUNR BQ 


*NUCUNR DQ 


*NR&VH 


* l R  


B 


B 


B 


B 


L 
L 
B 


B 


B 


B 


B 


B 


B 


B 


B 


B 
B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


25 


30 


20 


25 


25 


25 
25 
25 


20 


25 


20 


20 


40 


20 


20 


20 


25 
25 


25 


25 


25 


25 


25 


25 


25 


25 


20 


continued 
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Appendix I-Continued 


Temperature, 
No. Formula R PR (Debye) WLNb SolventC "C 


232 


233 


234 


235 


236 


237 


238 


239 


240 


241 


242 


243 


244 


245 


246 


247 


248 


249 


250 


251 


252 


253 


N 


-CH=N-NH 


H-C- ,,,a N\ 


cN* 


-NH d 


4.21 


-2.03 


-2.20 


1.54 


1.38 


1.16 


-5.29 


1.34 


1.24 


1.84 


3.63 


1.79 


-4.41 


-5.08 
-5.44 


5.21 
5.65 


2.91 


1.39 


-2.80 


-3.23 


-3.59 


-2.13 


-2.05 


* DLGNTJ BE DCN 


*lUNMR 


*NR&YUM 


'NUNR DO1 


*R B 0 1  


*OlOR 


*OSWR D1 


*SlSR 


*NI&R 


* l R  DZ 


DLGVTJ DCN 


*MR CO1 


*NR&SWl 


*SWMR DO1 


*MSWR DM1 


'NUNR DM1 


*Pl&R 


*V- CT5NNJ B1 D1 El 


* lU  BL6VYTJ 


*NVl&VX 


*1V05 


*OVY2&3 


B 


B 


D 


B 


B 


B 


B 


B 


B 


B 


B 


B 


D 


B 
D 


B 
D 


B 


B 


B 


B 


B 


B 


B 


25 


25 


25 


20 


35 


25 


ns 


25 


20 


ns 


30 


25 


30 


ns 
25 


ns 
25 


20 


20 


25 


25 


20 


25 


25 
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Appendix I-Continued 


No. Formula R 


~ ~~ 


Temperature, 
W R  (Debre) WLN SolventC “C 


254a 


254b 


255 


256 


257 


258 


259 


260 


261 


262 


263 


264 


265 


266 


267 


268 


269 


270 


271 


272 


213 


274 


275 


276 


CCIdCH\ 43 - 


--CH=CH+F - 


--CH=CH+I - 


n 


0 


-1.70 


0.00 


-3.71 


-3.30 


1.32 


1.85 


-1.68 


-1.29 


1.56 


1.34 


1.66 


1.73 


1.82 


1.49 


1.80 


-3.32 


-4.74 


0.64 


1.64 


-3.11 


-2.06 


-2.56 


1.81 


*BT50 COTJ D1 D1 E l  El B 


*1UUlR 


*VVR 


*VOVR 


*-SE-lUU1R 


*lUlR DE 


*YGUlR -C 


*YGUlR -T 


*1UlR BG -C 


* lUlR BG -T 


* lUlR CG -T 


*lUlR DG 


*YR&XGGG 


*lUlR DF 


* lUlR DI 


*lUNOVR 


*lUlR DNW 


*R DlUl  


*lUlR DQ 


*R DVl 


*VOlR 


‘VOlR DQ 


‘SlU1-SE-R 


*-SE-lU1R -C 


cc14 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


25 


17 


25 


25 


25 


25 


ns 


25 


20-60 


30 


30 


25 


25 
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Appendix I-Continued 


Temperature, 
No. Formula R PR (Debye) WLNb Solvent "C 


277 


278 


279 


280 


281 


282 


283 


284 


285 


286 


287 


288 


289a 


289b 


290 


291 


292 


293 


294 


295 


296 


297 


CH,--C-N, ira 
Q - C H = N -  


bCH,  


0 
II 


~ H C - C H ,  
I1 
0 


-N=N+2 


0 
I1 


- C H % O -  C-CH-CH- 


-0 4 H 2 -  8-CH, 


-Q +H=CH- CH =CH- C 


0 


-CH=CH- C-CH-CH 


II 


II 
0 


0 


1.06 


2.06 


1.93 


-3.61 


2.87 


3.47 


3.71 


3.72 


-3.76 


-2.27 


-4.25 


1.34 


1.87 


-7.46 


2.82 


-4.31 


-3.25 


-3.50 


-3.21 


-3.29 


-3.27 


-2.54 


*-SE-lUlR -T 


*lUlR DZ 


*NUlR D1 


*NR&Vl 


*NUlR B01  


*NUNR BMVl 


*NUNR CMVl 


'NUNR DMVl 


*lSO&lR 


*lOVlUlR 


*lSWlR 


*1SlR 


*lSSlR 


*Sl&UNSWR D1 


*NUNR DNl&l 


'P0&4&4 


*VlU2Ul- BT5SJ 


*lU2UlV- BT5SJ 


*lUlVlUl-  BT5SJ 


'OVR BOVl 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


B 


25 


25 


25 


25 


25 


20 


20 


20 


25 


30 


25 


25 


25 


20 


20 


25 


25 


25 


25 


25 


25 


25 
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Appendix I-Continued 


Temperature, 
No. Formula R PR (Debye) WLN Solvent‘ “C 


298 CgHs +H=CH+H, - 0.59 * lUlR D1 B 25 


299 CsH90 --CH==CH 1.05 *1U1R DO1 B 25 9 
CH ,O 


300 CgHsO -H*H+,H, 1.45 * lUlR DO1 B 25 
1.13 


0 


<H2- 0 4 -  CH2 1.97 *10VlR B 24 


302 CioHiiOz - c H - H ~ ~ ~ H ~  1.66 * lUlR DO2 B 25 


303 C ioH izN --CH -.+-J-<::: 2.27 *IUlR DN1&1 B 25 


-N(CsH& 0.70 *NR&R B 25 
-1.52 *PR&R B 25 


304 C i2H ioN 
-P(CsH& 


-4.49 *PO&R&R B 25 
305 CizHioP 


301 CgHgOz ” -0 


306 CizHioPO - P O ( C ~ H ~ ) Z  
a Taken from Ref. 14 unless stated otherwise. b From E. G. Smith, “The Wiswesser Line-Formula Chemical Notation,” McGraw-Hill, New York, N.Y., 1968. Solvents: 


cHx = Cyclohexane, Hx = hexane, B = benzene, D = l,4-dioxane, L = liquid state, ns = not stated. V. I. Minkin, 0. A. Osipov, and Y. A. Zhdanov “Dipole Moments 
in Organic Chemistry,” English Translation by B. J. Hazzard, Plenum, New York, N.Y., 1970. e 0. Exner. V. Jehlieka, and 6. Uchytil, Coll Czech. Chem. Commun , 
33,2862 (1968). 
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z y , ,  , , , , , 
’ 0  


0 24 48 72 96 120 144 168 
HOURS AFTER ADMINISTRATION OF LABELED METHADONE 


Figure 3-Cumulatiue urinary excretion of (Fi)-(-)-[2HJmethadone 
and (S)-(+)-r2Hdmethadone determined in Patient 1. 


enantiomers. Data presented in Fig. 3 illustrate the cumulative urinary 
excretion of the two methadone enantiomers in Patient 1. (S)-(t)- 
methadone reaches a cumulative excretion plateau value of 5.2% by 120 
hr. In contrast, the @)-(-)-methadone continues to be excreted 
throughout the study; by 168 hr, 9.8% of the dose was excreted as the 
unmetabolized drug. The urinary data, together with the plasma drug 
level data, suggest a differential renal clearance mechanism for the ex- 
cretion of the unchanged methadone enantiomers. Full assessment of 
each step of the disposition of the separate enantiomers of methadone 
and its metabolites, including hepatic uptake metabolism, biliary ex- 
cretion, fecal excretion, and urinary clearance, is needed before the 
mechanisms underlying the observed differences in overall disposition 
can be evaluated (25). 
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Abstract The effect of surface charge and particle size on the gel 
structure of aluminum hydroxycarbonate gel was studied through the 
use of a specially designed tension cell. Surface charge has a major effect 
on the coefficient of bulk compressibility. The charged state is more 
compressible a t  lower tensions while the neutral gel is more compressible 
a t  higher tensions. In addition, physical properties of gels having a small 
particle size are more profoundly influenced by interparticle forces than 
are gels consisting of larger particles. The effect of surface charge and 


particle size on gel structure is applied to physical properties such as 
viscosity and dewatering. 


Keyphrases 0 Aluminum hydroxycarbonate gel-gel structure, effect 
of surface charge and particle size 0 Gels-aluminum hydroxycarbonate, 
effect of surface charge and particle size on structure Physicochemis- 
try-effect of surface charge and particle size on gel structure of alumi- 
num hydroxycarbonate gel 


Investigation of the structure of aluminum hydroxide 
gel a t  an atomic level has led to improved understanding 
of the arrangement of atoms and the types of bonds 


present in the various materials collectively known as 
aluminum hydroxide (1-4). An equally important type of 
structure, gel structure, which deals with the manner in 
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which the aluminum hydroxide particles are arranged in 
space, has not been as extensively studied. For this reason, 
a series of studies was initiated utilizing a specially de- 
signed tension cell to elucidate various relationships be- 
tween gel structure and physical properties. The role of 
surface charge and particle size in determining the gel 
structure of aluminum hydroxycarbonate gel was exam- 
ined in this study. 


BACKGROUND 


The tension cell was designed for the study of the gel structure of 
aluminum hydroxide (5) and was developed from experimental methods 
used to study clays and related porous materials (6). The tension cell was 
used to measure the coefficient of bulk compressibility for two aluminum 
hydroxycarbonate gels having a pH-dependent surface charge and a 
substantially different particle size. 


The coefficient of bulk compressibility, a, is used by soil physicists to 
describe the degree of consolidation of a solid particle or colloidal matrix 
on the application of an external load or stress and is typically defined 
as (7,8): 


1 dV 
V da 


= (Eq. 1) 


where u represents an applied stress and V is the volume of the system, 
including both the particle volume and the pore volume. When the ten- 
sion cell is used, the stress is supplied by applying a small negative 
pressure or tension, T .  Since the cross-sectional area of the tension cell 
chamber is constant, the coefficient of bulk compressibility may be ex- 
pressed in terms of ,!,, the length of the column of gel in the tension cell, 
and the applied tension: 


(Eq. 2) 


The coefficient of bulk compressibility may be readily calculated if an 
empirical relationship between the applied tension and the corresponding 
length of the column a t  equilibrium can be established. Such a relation- 
ship may be obtained through trial and error testing of various mathe- 
matical relationships. A particularly successful equation is: 


L = A(e-8" + B )  (Eq. 3) 


where A ,  B,  and /3 are constants adjusted to best fit the (7,  L )  data pairs. 
Upon determining the proper empirical form, the coefficient of bulk 
compressibility is calculated by substituting Eq. 3 into Eq. 2. 


EXPERIMENTAL 


Two aluminum hydroxycarbonate gels were obtained commercially, 
and the coefficient of bulk compressibility was determined with the 
tension cell following dilution to 9.3% equivalent aluminum oxide. 


The zero point of charge (ZPC), the pH a t  which the net surface charge 
is zero, is an important property of colloidal systems that possess a pH- 
dependent surface charge. At this pH, the densities of the positive and 
negative charges are equal (9). The zero point of charge of aluminum 
hydroxycarbonate gels 1 and 2 was determined to be 6.34 and 7.60, re- 
spectively, by a titration procedure (10). The desired surface charge was 
obtained through adjustment of the pH relative to the zero point of charge 
by the addition of small quantities of hydrochloric acid or sodium hy- 
droxide to produce a positive, neutral, or negative surface charge. Alu- 
minum hydroxycarbonate gel 1 was adjusted to pH 5.70,6.34, and 7.40; 
gel 2 was adjusted to pH 5.50 and 7.00. 


The rate of acid neutralization was determined by pH-stat titration 
at pH 3 and 25O (11). 


The relative particle size of the two aluminum hydroxycarbonate gels 
was determined by measuring the rate of sedimentation of 100 ml of a 
1% (w/v) dilution of each gel in a 100-ml graduated cylinder following pH 
adjustment to equal the zero point of charge. The sedimentation rate is 
expressed as tm, the time required to settle halfway from the initial height 
in the 100-ml cylinder to the equilibrium sediment height. 


The previously described tension cell procedure (5) was used to de- 
termine the equilibrium water outflow as a result of applied tensions up 
to 15 cm of water. Two modifications were made in the tension cell ap- 
paratus to provide more convenient and precise measurements. Since 
the gel undergoes a decrease in volume due to the outflow of water, the 
applied tension will decrease during the experiment. This undesirable 


effect was previously minimized through the manual readjustment of the 
height of the tension cell chamber by 0.05 cm for every 1.5 ml of water 
outflow so that the applied tension remained essentially constant. 


This procedure was replaced with a digital motor-drive system, which 
readjusted the tension on sensing a downward movement of the upper 
gel surface. The motor triggering mechanism consisted of a pair of plat- 
inum electrodes sealed in glass tubing, which were positioned to contact 
the gel surface. As long as the electrodes contacted the surface, a very 
small dc current (<0.1 pamp) moved through the completed circuit. As 
outflow of water from the gel proceeded, the gel surface dropped below 
the electrodes, interrupting the current and activating the digital 
motor-drive system. The sample chamber was raised to reestablish 
contact between the electrodes and the gel surface. This apparatus 
maintained the applied tension within 0.03 cm. A vernier system was 
attached to the digital motor drive so the accumulated height changes 
of the tension cell chamber could be measured. At each tension level 
setting, the overall displacement of the tension cell was equal to the length 
change of the gel column. 


A second modification was made to record automatically the water 
outflow as a function of time. Water flowed dropwise from the outlet tube 
and entered a small volumetric flask, which was fitted with a cover having 
a capillary opening. The flask rested on a weighing pan, which was dis- 
placed linearly according to the amount of water in the flask. The 
downward movement of the weighing pan was monitored with a linear 
variable differential transformer whose output was continuously re- 
corded. Thus, the equilibrium outflow of water a t  a particular tension 
could be easily determined. Equilibrium times ranged from 8 to 48 hr. 
In every case, the equilibrium outflow of water was equal to the volume 
change of the gel. 


RESULTS AND DISCUSSION 


The applied tension is related to the amount of work required, per mole 
of water, A G H ~ o ,  to remove water from the system (12): 


A ? & ,  = -pgvT (Eq. 4) 


where p is the density of water, is the molar volume of water, andg  is 
the acceleration due to gravity. To remove dnHfl moles of water from the 
system requires that an amount of work equal to 6W be done on the 
system: 


6W = A C H ~ O  dnH20 0%. 5 )  


Equation 5 may be rewritten with the aid of Eq. 4 to give: 


6w = -pgTA dL (Eq. 6) 


where A is the area of the tension cell chamber and dL represents a small 
displacement of the length of the gel column. The work of compression, 
6W, is expended against the efforts of the gel to retain its original particle 
arrangement or gel structure. A large work of compression implies either 
that  cohesive forces (van der Waals) are present, tending to prevent the 
distortion of the particles into a smaller space, or that  interparticle re- 
pulsive forces (coulombic) are present, which resist a closer approach of 
particle surfaces. 


Although the work of compression is a macroscopic concept, it is ulti- 
mately tied to phenomena occurring on a microscopic scale. As illustrated 
in Fig. 1, each particle may be viewed as residing in a potential well, the 
depth and width of which are controlled by interparticle force fields. 
Movement of any particle along some trajectory from one well to another 
requires that the particle attain sufficient energy to pass over the inter- 
posed barrier. If thermal energy is insufficient, there is no appreciable 
translational motion and the system gels. In such cases, the necessary 
energy may be provided by applying an external stress such as shear or, 
in this case, a pressure gradient (tension). The extent to which particles 
are free to move under an applied external stress is directly dependent 
on the nature of adjacent energy barriers. 


The work of compression is further illustrated in Fig. 2 (A and B) by 
the shaded regions that are proportional to the work of compression re- 
quired to displace the gel from a length of 4.5-4.0 cm. The work required 
to compress the neutral aluminum hydroxycarbonate gel over this range 
is approximately twice that required to compress the charged aluminum 
hydroxycarbonate gel, indicating that cohesive forces present in the 
neutral gel tend to prevent the movement of the particles to a greater 
extent than the repulsive forces present in the positively charged 
system. 


I t  is clear that  Eq. 3 is a suitable mathematical expression to describe 
the tension uersus gel column length relationship since the solid lines 
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Figure I-Energy-distance profiles. Key: A, high particle density gel; 
B, low particle density gel; Eb, depth of the potential well; W, charac- 
teristic width of the potential well; and re, equilibrium position of the 
particle. 


representing the fitted equation coincide with the data points. Thus, the 
data in Fig. 2 were used to calculate the compressibility curves shown in 
Fig. 3. 


The coefficient of bulk compressibility of aluminum hydroxycarbonate 
gel 1 is clearly affected by the presence of surface charge (Fig. 3, A and 
B). At tension levels less than -9 cm, the positively charged system was 
considerably more compressible than the neutral gel. This result is similar 
to the previously observed effect of surface charge on the viscosity of 
aluminum hydroxycarbonate gel in which the maximum viscosity oc- 
curred when the pH equaled the zero point of charge (10). 


The underlying mechanism explaining both phenomena is that  when 
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Figure %-Change in the column length as a result of applied tension. 
Shaded areas indicate the relatiue work of compression required to 
displace aluminum hydroxycarbonategels I and 2 from a length of 4.5 
to 4.0 cm. Key: A, gel 1 at  pH 6.34 (ZPC = 6.34); B, gel 1 at pH 5.7; C, gel 
2 at pH 7.0 (ZPC = 7.60); D,  gel 2 at pH 5.5; data points are from tension 
cell experiments and the solid lines were obtained by fitting Eq. 3 to the 
data points. 


Figure 3-Effect of tension on the coefficient of bulk compressibility, 
a. Key:A,gel la tpH6.34(ZPC=6.34);B,ge l  Ia tpH5,7 ;C ,ge l2a tpH 
7.0 (ZPC = 7.60); and D,  gel 2 at pH 5.5. 


sufficient coulombic repulsion is developed to overcome van der Waals 
attractive forces, the particles are free to move in a less restricted manner. 
Particles are considered to be more free or mobile under the influence 
of repulsion than attraction since repelling particles tend to utilize the 
entire space of the system, whereas attractive forces usually produce 
structures that confine the particles to rigid, linear chains so that con- 
siderable unused space exists (13). Since the charged particles are not 
so severely confined in space, consolidation of the colloidal matrix in 
response to water removal may readily take place, leading to a more 
compressed system. In addition, the absence of attractive forces tending 
to lock the particles into position permits shear rather easily. At the zero 
point of charge, however, substantial cohesive forces (van der Waals) 
resist distortion of the gel structure to form some new structural ar- 
rangement. 


However, as seen in Fig. 3 (A and B) the charged gel was less com- 
pressible than the neutral gel when the applied tension exceeded 9 cm 
of water. This is a consequence of the initial freedom of movement of the 
charged particles during consolidation and leads to a more efficiently 
packed collection of particles. This dense collection of particles is able 
to resist further compaction more effectively than the neutral gel due to 
the substantially increased level of coulombic repulsion. In addition, when 
the aluminum hydroxycarbonate gel is a t  the zero point of charge, the 
initial randomness or disorder of the gel structure is locked into place by 
van der Waals cohesive forces, preventing the formation of an efficiently 
packed particle network. Consequently, the compressibility of the neutral 
gel is greater than that of the charged gel a t  high tensions. 
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Figure 4-Rate of acid neutralization at pH 3.0 and 25O. Key: A, gel I; 
and B, gel 2. 
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Figure 5-Effect of particle density on interparticle distance. Key: A, 
interparticle distance; V, uolume of each particle; S, total surface area; 
and d, diameter of each particle. The uolume of each particle is reduced 
by 50% in each step while the total volume of the particles is con- 
stant. 


A practical consequence of this behavior is that  the charged state 
permits more convenient water removal, but only when the water content 
is below that corresponding to a tension of 9 cm of water. Above 9-cm 
water tension, the neutral state is more desirable for operations involving 
water removal. 


The zero point of charge of gel 2 was 7.6. This gel is believed to have 
a smaller particle size and, therefore, a greater surface area than gel 1 since 
this gel became too viscous to mix as the pH was brought to the zero point 
of charge. It was not possible to adjust the pH to 7.6 where the maximum 
viscosity occurs because of the high viscosity. This behavior is in contrast 
to that of gel 1, which became more viscous as the pH was adjusted to its 
zero point of charge but still remained fluid a t  the zero point of 
charge. 


The smaller particle size of gel 2 was confirmed by comparing the rate 
of settling of 1% equivalent aluminum oxide dilutions of gels 1 and 2. The 
tm value for the sedimentation of gel 1 was 1.8 hr while gel 2 required 4.3 
hr for an equivalent degree of sedimentation. The more rapid rate of acid 
neutralization by gel 2 a t  pH 3 (where both aluminum hydroxycarbonate 
gels will be highly charged) also reflects its smaller particle size (Fig. 
4) * 


It was not possible to repeat exactly the tension cell experiment for gel 
2 since the viscosity was too great a t  the zero point of charge. However, 
the effect of charge on the gel 2 structure was similar to that observed for 
gel 1 (Fig. 2, C and D). Gel 2 was more compressible when in a highly 
charged state, i.e., a t  pH 5.5, up to a tension of -7 cm of water (Fig. 3, C 
and D). The less charged state, i.e., a t  pH 7.0, was more compressible at 
higher tension levels. The point a t  which the charged gel became more 
compressible than the neutral gel (7 cm of water) occurred a t  a lower 
tension than was observed for gel 1 due to the much greater charge on gel 
2. 


The most striking difference between gels 1 and 2 was that gel 2 was 
less compressible regardless of its charge. Since the same types of forces 
are present in both gels and each gel has the same equivalent aluminum 
oxide content, the factor responsible for the difference in behavior must 
be the smaller particle size and, consequently, the greater surface area 
of 2. Reducing the particle size while maintaining a constant solids con- 
centration will cause gel 2 to have a higher particle density. 


The effect of particle density may be illustrated by the example pro- 
vided in Fig. 5 in which individual particle volume is sequentially halved 
in a one-dimensional arrangement of particles. Such a system is especially 
relevant since linear chains are frequently formed under the influence 
of van der Waals attractive forces (13). Although surface area does not 
increase substantially upon two subdivisions, the average interparticle 
distance decreases signficantly. Consequently, a gel having a smaller 
particle size is much more likely to form an extended chain-like network 
when cohesive interparticle forces exist. 


The effect of particle density for the general case of three-dimensional 
particle arrays with either attractive or repulsive interparticle forces 
present may be further clarified through the microscopic energdistance 
profiles of Fig. 1 (A and B). As was shown, a higher particle density leads 
to a smaller average interparticle separation distance. Since forces depend 
inversely on separation distance, the net restoring force exerted on a given 
particle by all others during a small displacement of the particle from its 
equilibrium position is greater (as in Fig. 1A). A low particle density yields 
the opposite effects (as in Fig. 1B) so that particles are less influenced 
by one another and are not held as tightly in place. This conclusion follows 
for coulombic-type forces as well as van der Waals forces so that gel 2 is 
predicted to be less compressible than gel 1 in both its charged and dis- 
charged states. The experimental results observed in Fig. 3 support this 
conclusion. 
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Table 111-Recovery of Steroids from a Synthetic Preparation 


Recovery a t  210 nma Recovery at  280 nma 
Added, 


Steroid PI? PCg % cv M % cv 
Ethinyl estradiol 51.86 
Mestranol 100.23 
Ethvnodiol diacetate 1015.5 


50.98 
98.97 


1008.6 


98.3 
99.0 
99.3 


1.3 
1 .o 
0.7 


51.96 
99.78 
- 


100.2 1.1 
99.8 1.1 
- - 


a Average of five determinations. 


Table IV-Assay of Commercial Tablets a 


Steroid 
Product A Product B Product C 


Wavelength Setting, nm % Label Claimed CV % Label Claimed CV % Label Claimed C V 
- - Ethinyl estradiol 210 99.9 1.2 101.3 1.3 


101.3 1.9 102.5 1.8 
- - 103.2 1.3 


280 
Mestranol 210 


- - 100.8 0.8 280 
Ethynodiol diacetate 210 96.5 0.9 95.2 0.9 92.4 0.5 


- - 
- - 
- - 


a Average of 10 determinations. 


analyses between the two wavelengths used, whereas analysis of the 
synthetic formulation revealed a variation of 0.8%, which is relatively 
minor. Variations reported for ethinyl estradiol(-l.5%) are the same for 
tablets and the synthetic formulation. 


CONCLUSIONS 
This HPLC procedure, using dual wavelength detection, is fast and 


accurate. It has been specially designed for single dosage form analysis 
as required in the USP-NF content uniformity test, and would advan- 
tageously replace the long, open-column chromatography procedure. 
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Abstract 0 The adsorption of magnesium nitrate, docusate sodium, and 
mannitol by chloride-containing aluminum hydroxide gel or aluminum 
hydroxycarbonate gel can be directly related to the surface charge 
characteristics of the aluminum hydroxide gel as determined by the 
pH-zero point of charge (ZPC) relationship. Magnesium cation is com- 
pletely adsorbed under pH conditions where the gel has a negative surface 
charge, i .e.,  when the pH is above the ZPC. Docusate sodium is more 
strongly adsorbed when the pH-ZPC relationship causes the surface 
charge of aluminum hydroxycarbonate gel to be positive indicating ad- 
sorption of the docusate anion. However, adsorption also occurred when 
the pH waa above the ZPC suggesting that adsorption of the hydrophobic 
portion of docusate anion by van der Waals forces also contributes to the 


overall adsorption mechanism. Mannitol is adsorbed under all pH con- 
ditions. However, greater adsorption occurs when the pH is above the 
ZPC. Maximum hydrogen bonding is believed to occur when mannitol 
acts as the proton donor and the negative aluminum hydroxycarbonate 
gel surface serves as the proton acceptor. 


Keyphrases Aluminum hydroxide-gel, adsorption of ionic com- 
pounds and polyols, effect of pH-zero point of charge Aluminum hy- 
droxycarbonate-gel, adsorption of ionic compounds and polyols, effect 
of pH-zero point of charge 0 Adsorption-ionic compounds and polyols 
to aluminum hydroxide and aluminum hydroxycarbonate, effect of 
pH-zero point of charge 


The zero point of charge (ZPC) is an important property 
of colloidal systems possessing a pH-dependent surface 
charge. The ZPC is the pH at which the net surface charge 
is zero; at this pH the densities of the positive and negative 


charges are equal. The apparent surface charge can be 
controlled by adjusting the pH to be either below or above 
the ZPC to produce a positive or negative surface charge, 
respectively (1). A recent study demonstrated the impor- 
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Figure 1-Effect of pH on the fraction of magnesium cation bound by 
a chloride-containing aluminum hydroxide gel. 


tant effect which the relationship between pH and ZPC 
exerts on the physical properties of aluminum hydroxide 
gel (2). The present study investigates the influence that 
the surface charge characteristics of aluminum hydroxide 
and aluminum hydroxycarbonate gel have on the ad- 
sorption of ionic solutes such as magnesium nitrate or 
docusate sodium as well as mannitol, a neutral polyol. 


EXPERIMENTAL' 


The chloride-containing aluminum hydroxide gel was prepared by 
reacting aluminum chloride and potassium hydroxide as described pre- 
viously (2). The ZPC of this gel was determined by a titration procedure 
(2) and was found to be 9.65. The bulk pH was 8.00 when diluted with 
distilled water to 3% equivalent aluminum oxide. Two aluminum hy- 
droxycarbonate gels were obtained commercially. Aluminum hydroxy- 
carbonate gel number 1 had a ZPC of 6.95 and a bulk pH of 6.5 a t  3% 


1 . O r  


PH 


Figure 2-Effect of pH on the fraction of docusate anion bound by gel 
1 (0, a) and gel 2 (a, m). The open data points were determined 
without adjusting the ionic strength and the closed data points were 
determined a t  a constant ionic strength of 5 X 10-3. 


* All chemicals used were either official or reagent grade. 
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Figure 3-Effect of pH on the fraction of mannitol bound by gel 1 (0, 
a) and gel 2 (0 ,  m). The open data points were determined without 
adjusting the ionic strength and the closed data points were determined 
a t  a constant ionic strength of 5 X lo-? 


equivalent aluminum oxide, while gel 2 had a ZPC of 6.32 and a bulk pH 
of 6.25 under the same conditions. 


The fraction of magnesium nitrate, docusate sodium, or mannitol ad- 
sorbed by the aluminum hydroxide gel a t  different pH conditions was 
determined by first adjusting portions of the gel to the desired pH by 
addition of 0.1 N HCl or 0.1 N KOH. The maximum change in ionic 
strength due to the pH adjustment was 5 X A second series of 
samples was prepared at an ionic strength of 5 X by adding an ap- 
propriate quantity of potassium chloride to each sample following pH 
adjustment. No significant difference in adsorption was observed between 
the first series in which the ionic strength varied up to 5 X and the 
second series in which all samples had an ionic strength of 5 X 10-3. 
Adsorption is normally related to ionic strength, but the small quantities 
of acid or base needed to adjust the pH did not cause a large enough ionic 
strength differential to significantly affect adsorption. Thus, the data 
a t  constant and variable ionic strength were pooled. 


Following pH adjustment, an adsorbate solution was added to produce 
a mixture containing 9.8 X M equivalent aluminum oxide and either 
6 X M Mg(NO&, 3.2 X M docusate sodium, or 3 X M 
mannitol. The docusate sodium concentration was selected to be below 
the critical micelle concentration which was reported to be 6.8 X M 
in water (3). The mixtures were equilibrated by shaking a t  25O for 2 hr, 
the pH was determined, the sample was centrifuged a t  15,000 rpm (27,000 
X g) for 30 min, and the supernate was analyzed. Magnesium was de- 
termined by chelatometric titration (4), docusate sodium was determined 
by the official assay (5), and mannitol was determined by a microcolori- 
metric method (6). 


RESULTS AND DISCUSSION 


The fraction of magnesium cation adsorbed by the chloride-containing 
aluminum hydroxide gel was strongly pH dependent (Fig. 1). Virtually 
no adsorption occurred below pH 8, while complete adsorption of mag- 
nesium cation occurred a t  pH 11. It is interesting to note that 50% of the 
magnesium cation was adsorbed a t  pH 9.65 which corresponds to the ZPC 
of the chloride-containing aluminum hydroxide gel. Thus adsorption of 
magnesium cation can be directly related to the surface charge as pre- 
dicted from the pH-ZPC relationship. At pH conditions below the ZPC, 
the positively-charged aluminum hydroxide surface will not interact with 
the magnesium cation, while a strong attraction occurs when the pH is 
above the ZPC, producing a negative surface charge. A sigmoidal ad- 
sorption curve is commonly observed for the adsorption of transition 
metal ions on various metal oxide surfaces (7,8). 


The adsorption of the anionic surface active agent, docusate sodium, 
is somewhat more complex, but a strong dependence on the pH-ZPC 
relationship is evident in Fig. 2. Gel 1 had a ZPC of 6.95, while the ZPC 
of gel 2 was 6.32. In both cases, the ZPC corresponded approximately with 
the midpoint of the fraction bound curve with greater adsorption oc- 
curring when the pH was below the ZPC. However, a minimum of -20% 
of the docusate anion was adsorbed even under pH conditions where the 
apparent surface charge of the aluminum hydroxycarbonate gel was 
negative. 


Although docusate sodium is known to hydrolyze in alkaline solutions 
(9), the amount of degradation occurring a t  pH 10 during 4 hr (the time 
required for the fraction bound study) was negligible. It is believed that 
adsorption of the hydrophobic portion of docusate anion occurred even 
though repulsive forces exist between the negatively-charged hydrophilic 
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portion of docusate anion and the negatively-charged aluminum hy- 
droxycarbonate surface. 


The adsorption of polyols, although occurring by hydrogen bonding 
rather than electrostatic attraction (10, ll), was also affected by the 
pH-ZPC relationship (Fig. 3). The extent of mannitol adsorption by ei- 
ther gel 1 or 2 is much less than was observed for the adsorption of the 
magnesium cation or the docusate anion, reflecting the weaker adsorption 
mechanism of hydrogen bonding in comparison to electrwtatic attraction. 
However, the fraction of mannitol adsorbed increased from -30% at pH 
conditions below the ZPC to 50% when the pH was above the ZPC. Hy- 
drogen bonding mcurs more readily when mannitol wrves as the proton 
donor and the negatively-charged oxygen at  the aluminum hydroxycar- 
bonate gel surface serves as the proton acceptor. This condition exists 
when the pH ie above the ZPC and coincides with the region of maximum 
adsorption of mannitol. . 


The results of this study suggest that the pH-ZPC relationship will 
provide a useful guideline for predicting adsorption reactions in the 
formulation of antacid dosage forms and may also be useful in predicting 
drug interactions arising from.the coadministration of drugs and alu- 
minum hydroxide-containing antacids. 
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TLC and GLC Determination of Aromatic Amine 
Impurities in Bulk p-Aminobenzoic Acid and in 
Its Potassium and Sodium Salts 


Keyphrases p-Aminobenzoic acid-aromatic amine impurities de- 
termined by GLC and TLC TLC-determination of aromatic amine 
impurities in p-aminobenzoic acid 0 GLC-determination of aromatic 
amine impurities in p-aminobenzoic acid 


To the Editor: 
The current USP monograph (1) for p-aminobenzoic 


acid lacks a requirement for limiting the amount of aro- 
matic amine impurities in the finished bulk drug. The 
carcinogenicity of these possible amine impurities 
prompted this laboratory to adapt the derivatization and 
GLC technique of Bruce and Maynard (2) to identify and 
quantitate these compounds. A TLC confirmatory test 
using a portion of the underivatized sample solution was 
also developed. 


A finely ground 5-g sample of bulk p-aminobenzoic acid 
or its salts, in a 50-ml stoppered centrifuge tube, was ex- 
tracted by shaking with 25 ml of benzene for 5 min. After 
centrifuging, the benzene layer was transferred to a sepa- 
rator and extracted with two 15-ml portions of 2% aqueous 
sodium bicarbonate. The aqueous layers were discarded, 
and the benzene layer was dried through anhydrous sodi- 
um sulfate. 


A 2-ml portion of the extract was derivatized in a sepa- 
rator with 25 pl of heptafluorobutyric anhydride. After 30 
min at room temperature, 10 ml of benzene was added, the 
organic layer was washed with three 10-ml portions of 
water, and the water was discarded. The benzene layer was 
diluted to 50 ml with benzene and 5 pl was injected into a 


gas chromatograph equipped with a 15-pCi e3Ni-elec- 
tron-capture detector, a 1.8 m X 4-mm i.d. spiral glass tube 
packed with 6% OV-101 and 9% OV-210 (1:l) coated on 
acid-washed silanized high-performance flux calcined 
diatomite support (100-120 mesh). Inlet, column, and 
detector temperatures were 225, 140, and 325”, respec- 
tively. Argon-methane (95:5) a t  a flow rate of 50 ml/min 
was used as the carrier gas. 


For TLC, 5 ml of the dried benzene sample extract was 
evaporated to 200 p1, and 20 pl was applied to  a silica gel 
GF plate. After 10-cm development with benzene-ethyl 
acetate-acetic acid (905:5), the plate was sprayed with 1% 
p -dimethylaminobenzaldehyde in ethanol containing 5% 
HC1. 


Table I lists the TLC Rf values for the 10 amines used 
in this study. The GLC retention times for the corre- 


Table I-TLC and GLC Data for 10 Aromatic Amines 


Amine 


Anilinee 
o-Toluidine 
p-Toluidine 
p-Chloroaniline 
2-Methyl-5-chloro- 


aniline 
Diphenylamine 
2-Chloro-&nitro- 


aniline 
Benzocainee 
p-Nitroaniline 
2-Methyl-5-nitro- 


aniline 


TLC” 
Rf Free 
Amine 


GLC * 
Retention 


Time, mine 


Approximate 
Nanograms for 


HSDd 
0.07 
0.28 
0.19 
0.42 
0.67 


0.85 
0.74 


0.45 
0.42 
0.55 


1.2 
1.7 
2.0 
3.1 
4.4 


11.9 
15.0 


16.8 
17.9 
26.0 


0.05 
0.10 
0.10 
0.10 
0.10 


0.80 
0.40 


0.40 
0.40 
0.40 


O 20 X 20 cm 0.25-mm thick silica gel GF plates, Mallinckrodt Chemical Works, 
St. Louis, Mo. Tracor 560, Tracor Inc., Austin, Ter. Heptafluorobut ic anhy- 
dride derivative. Nanograms for half-scale deflection (HSD) at  GLFdetector 
setting of 7 namp, and attenuation at 5. e Found in commercial samplea. 


268 I Journal of phamurceutical Sciences 
Vol. 71, No. 2, February 1982 


0022-35491821 0200-026850 1.001 0 
@ 1982, American Pharmaceutical Association 












Reduced Hydrolytic Lability of Epoprostenol in the 
Presence of Cationic Micelles 


M. J. CHO 
Received January 12,1981, from the Upjohn Co., Kalamazoo, MI 49001 


~ ~~ 


Abstract  The rapid hydrolysis of epoprostenol to 6-keto- 
prostaglandin F1, is hydronium ion-catalyzed even a t  pH 10 or higher. 
In the presence of 1.0% hexadecyltrimethylammonium chloride, the rate 
was reduced significantly (1580-fold a t  pH 2 and 283-fold a t  a physio- 
logical pH). This decrease in the hydrolysis rate is attributed to two 
causes: favorable partitioning of epoprostenol in the micellar phase and 
electrostatic repulsion between the hydronium ion and the cationic mi- 
cellar surface. 


Keyphrases Prostaglandins-epoprostenol, reduced hydrolytic la- 
bility in the presence of cationic micelles 0 Micelles-reduction of hy- 
drolytic lability of epoprostenol 0 Epoprostenol-reduced hydrolytic 
lability in the presence of cationic micelles 


The antiplatelet (anti- and deaggregatory) and vasodi- 
lator actions of epoprostenol (I) has brought about not only 
some potential clinical applications but also "a direct im- 
pact on research dealing with the mode of antiaggregatory 
cyclic AMP activity" (1). Being a vinyl ether, however, I 
is extremely unstable in aqueous media; half-life ( t l l z )  of 
its hydrolysis is only several minutes at  a physiological pH 
and 25' (2). Subsequently it was found that the compound 
is unusually reactive even as a vinyl ether and that the 
hydronium ion-catalyzed hydrolytic lability of the car- 
boxylate anion is nearly two orders of magnitude greater 
than that of the free acid or methyl ester (Fig. 1) (3). The 
instability of this endogenous hormone-like substance has 
hampered the progress of clinical applications and in the 
basic research area. The present study reports that in the 
presence of cationic micelles the hydrolysis rate can be 
retarded by a factor of 1.5 X lo3 a t  pH 2 and lo2 at  a 
physiological pH. 


EXPERIMENTAL 


A UV spectrophotometric' procedure was used to follow the hydrolysis 
of I (2). Essentially, the absorbance change a t  235 or 240 nm was moni- 
tored continuously immediately after the sodium salt of I (-4 mg) was 
dissolved in a non-UV absorbing buffer solution (-3 ml) of 0.5 M ionic 
strength in a cell. When the spectral change was scanned continuously, 
an isosbestic point was observed a t  256 nm throughout a kinetic run over 
the pH range studied. Hexadecyltrimethylammonium chloridez, was used 
as received. 


RESULTS AND DISCUSSION 


Negative micellar catalysis has not been subject to numerous appli- 
cations in the area of drug formulation development, although stabili- 
zation of a drug compound can be achieved in aqueous media (4). This 
is surprising since micelle-catalyzed organic reactions in aqueous media 
have been studied extensively as model systems of enzymatic reac- 
tions. 


Aqueous solutions containing a surface-active agent form molecular 
aggregates known as micelles when the total concentration reaches a 
certain value, which is referred to as the critical micellar concentration 
(CMC). The CMC of hexadecyltrimethylammonium chloride 
[(CH:dsN+(CH2)16 CH3. C1-] is -1.3 X 10-3M(5), and hence in a 1.0% 


Zeiss Model DMR-21 Spectrophotometer 
Eastman Kodak Co., Rochester, N.Y. 
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Figure 1-pH dependence of the hydrolysis rate of I (closed circles from 
Ref. 2 and open circles from Ref. 3), I methyl ester (triangles from Ref. 
3), and in the presence of 1.0% heradecyltrimethylammonium chloride 
(half-circles), all a t  25". The former tuio are the rate constants a t  zero 
buffer concentration, and the last one was a t  0.5 M ionic strength. 


(3.12 X M )  solution (in which the stability of I was investigate'd), 
most of the surfactant molecules are engaged in rnicelles. Since the po- 
larity of the micellar phase can be much lower than that of the bulk 
aqueous phase, I free acid is expected to partition favorably into the 
micellar phase. However, as pH increases the apparent fractional con- 
centration of I found inside the micellar phase will decrease because the 
dynamic equilibrium becomes more favorable for the anion to exist in 
an aqueous environment. 


From this pH-dependence of the partitioning behavior of I and from 
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6-keto-prostaglandin F, 
Scheme I-Reaction pathway of I hydrolysis. 
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the general belief that the thermodynamic activities of water (reactant) 
and hydronium ion (catalyst) can be extremely low inside the micellar 
phase, one would expect the pH-profile of log kl,k,, shown in Fig. 1 (half- 
filled circles). Note that the overall rate-determining step in the hy- 
drolysis of I is the protonation at  C-5, which makes the Ai bond polarized 
and susceptible to the subsequent water attack (Scheme I) (3). That is, 
if an intrinsic reactivity is assigned to the free acid present inside the 
micellar phase, regardless of the pH of the bulk phase, then the pH-profile 
of the observed rate constant should resemble that of the apparent par- 
tition coefficient. This analysis is consistent with what was observed. 


In the presence of 1.0% hexadecyltrimethylammonium chloride, the 
apparent hydrolysis rate at  pH below 3 is -1.5 X 10:’ fold slower than in 
the absence of the surfactant (Fig. 1). At neutral pH values, however, such 
a comparison can be made only after taking the general acid catalysis by 
buffer components into consideration. At  pH 7.45, for instance, if the data 
shown in Fig. 1 are compared, only a 62-fold decrease in the rate is ob- 
tained. However, the hydrolysis rate shown in Fig. 1 in the absence of the 
surfactant is the rate extrapolated to zero buffer concentration, whereas 
that in the presence of the surfactant was obtained in a 0.165 M phos- 
phate buffer of 0.50 M ionic strength. In an identical buffer system 
without the surfactant, it was found previously that the hydrolysis is 


-4.56 faster than a t  zero buffer concentration (2). The net effect of l . O q t  
hexadecyltrimethylammonium chloride is, therefore, a reduction of the 
hydrolysis rate of -280-fold; t 1 / 2  from 3.5 min to 16.5 hr. 


Finally, one should not attempt to interpret the coincidental overlap 
of the rate constants for the hydrolysis of methyl ester (triangles in Fig. 
1) and I in the presence of the surfactant a t  pH above 6. As discussed 
previously (4), the latter is a function of the concentration of both sub- 
strate and the surfactant present in a given system. 
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Abstract 0 The partition coefficient between tissue and blood used in 
physiologically-based pharmacokinetic modeling analysis was investi- 
gated using the concept of clearance. New equations were derived and 
compared with previously reported equations in constant intravenous 
infusion and bolus injection methods. The importance of differentiating 
arterial from venous blood is discussed. 


Keyphrases 0 Partition coefficient-tissue to blood, physiologically- 
based pharmacokinetics Pharmacokinetics-determination of tissue 
to blood partition coefficients in physiologically-based pharmacokinetic 
studies 0 Blood sampling-differences between arterial and venous 
blood, physiologically-based pharmacokinetic studies 


The formulation of a physiologically-based phar- 
macokinetic model requires an accurate determination of 
physiological parameters such as blood flow, organ volume, 
partition coefficient, and clearance (1). The estimation of 
the tissue to blood partition coefficients for a compound 
is of special interest to pharmacokineticists because it can 
be directly measured in the laboratory. Recently, Chen and 
Gross (2) pointed out different methods by which tissue 
to plasma partition coefficients can be determined under 
specific experimental conditions. The following equations 
were used in constant infusion and bolus injection studies, 
respectively: 


where R is the partition coefficient of drug between organ 
tissue and plasma, K was defined as the first-order elimi- 
nation rate constant [but was used as organ clearance in 


their calculations ( 2 ) ] ,  Q is the flow rate of plasma in the 
organ, (2; and (2; are the concentrations of drug in tissue 
and plasma a t  steady state, Cp and CE are the concentra- 
tions of drug in tissue and plasma a t  time zero extrapolated 
from the terminal phase, (Y is the terminal rate constant, 
and Vt is the volume of the organ or tissue. The present 
study examined Eqs. 1 and 2 from the concept of physio- 
logical clearance and derived new equations for the de- 
termination of R in constant infusion and bolus injection 
studies. Flow and concentration in terms of blood were 
dealt with instead of plasma. 


THEORETICAL 
The concept of clearance and its applications are well defined in the 


pharmacokinetic literature (3-7). In an eliminating organ or tissue, it 
describes the volume of incoming blood completely cleared of drug by 
the organ per unit time. Conventionally, it is expressed as the organ 
clearance, CL,, and is defined as: 


CL, = (Eq. 3 )  
Ci 


where r is the rate a t  which the drug is removed from the organ and C, 
is the drug concentration in the incoming blood. However, it has been 
observed that CL, might be dependent on the blood flow through the 
organ and the use of intrinsic clearance, CL, ,  was proposed to correct for 
the influence of blood flow ( 3 ) .  CL, is defined as: 


CLi = L (Eq. 4)  
CO 


where Co is the effluent venous blood concentration which is in equilib- 
rium with the eliminating organ. It measures the maximum capacity of 
the organ to eliminate the drug. An important relation obtained from the 
above clearance equation is: 


r = CL,qCi = CL,Co (Eq. 5) 
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Determination of Cyclobenzaprine in Tablets by 
High-Performance Liquid Chromatography 
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Abstract  0 A convenient high-performance liquid chromatographic 
method for the quantitative determination of cyclobenzaprine hydro- 
chloride in tablets is described. Samples were dissolved in 0.05 N sulfuric 
acid and diluted with methanol. The cyclobenzaprine hydrochloride was 
chromatographed using an octylsilane column and the eluent acetoni- 
trile-0.6% dibasic potassium phosphate aqueous buffer (pH 3.0) (75:25) 
at a flow rate of 1.5 ml/min. Naphazoline hydrochloride was used as an 
internal standard. The UV detector response a t  254 nm was linear for 
cyclobenzaprine hydrochloride in the 0.005-0.03 mg/ml range under 
conditions of the analysis. 


Keyphrases  Cyclobenzaprine hydrochloride-determination in 
tablets by high-performance liquid chromatography 0 High-performance 
liquid chromatography-determination of amount of cyclobenzaprine 
in tablets 0 Naphazoline hydrochloride-internal standard in high- 
performance liquid chromatographic test for cyclobenzaprine hydro- 
chloride in tablets 


The pharmacopeial determination of the skeletal muscle 
relaxant cyclobenzaprine hydrochloride is tedious and time 
consuming. The procedure (1) consists of extraction of the 
chloride ion pair into methylene chloride, followed by back 
extraction into dilute sulfuric acid and quantitative mea- 
surement by UV spectrophotometry. As any degradation 
product would be expected to exhibit UV absorbance, the 
USP procedure will not be indicative of stability. 


A number of procedures have been reported for the 
measurement of tricyclic antidepressant drugs in serum 
or in tablets by HPLC (2-11). Many of these methods use 
adsorption chromatography (2-6). Of those chromato- 
graphic systems utilizing reversed phases (7 - l l ) ,  the use 
of pentanesulfonic acid (lo), sodium lauryl sulfate (ll), or 
aliphatic amines (5) in the mobile phase was avoided. 
Premature deterioration of the column has.been experi- 
enced in this laboratory when these reagents are used over 
an extended period of time. An eluent described previously 
(9) was adapted to the determination of cyclobenzaprine 
using an octyl-bonded silica column. 


The procedure described was developed for the routine 
analysis of cyclobenzaprine hydrochloride in tablets. The 
method employs naphazoline hydrochloride as an internal 
standard and is readily adaptable to semi-automated 
analysis with equipment available in most laboratories. 


EXPERIMENTAL 


Chemicals-Cyclobenzaprine hydrochloride' raw material was as- 
sayed (100.5%) and its purity confirmed before use by the USP (1) 
monograph procedures. Naphazoline hydrochloride*, amitriptyline hy- 
drochloride', and desipramine hydrochloride3 were used without further 
purification or analysis. All other reagents were commercial analytical 
reagent grade. Solvents4 were glass distilled except for distilled water 
which was deionized and distilled. 


Apparatus-The liquid chromatograph consisted of a pump and a 


Merck Sharp and Dohme, West Point, Pa. 
ClBA Pharmaceutical Co., Summit, N.J. 
Merrell National Laboratories, Cincinnati, Ohio. 
Methanol and acetonitrile were from Burdick and Jackson Laboratories, 


Muskegon, Mich.; methylene chloride was from Mallinckrodt, Saint Louis, Mo. 


II 
CHCH,CH&(CH,)*HCl 


I 


q H-HCI 


k -  N 


I1 
fixed wavelength UV detector5 (254 nm). Solutions were injected by an 
automated sample processofi set to inject 20 p1. The chromatograms were 
recorded and results calculated by a reporting integrator7. UV spectra 
were recorded on a recording spectrophotometer8. 


Chromatographic Conditions-The mobile phase consisted of ac- 
etonitrile-0.6% KHzP04 aqueous buffer (pH 3.0) (75:25). A flow rate of 
1.50 ml/min was maintained. Ambient temperature was used throughout 
these experiments. A 25 X 0.46-cm i.d. column containing an octyl- 
bonded phase on silica packingg was used. Following each day of use, the 
column was flushed with acetonitrile-water (75:25), followed by methanol 
a t  1 ml/min and stored in methanol. 


Reagents-The pH 3.0 buffer was prepared by dissolving 12 g of po- 
tassium phosphate, monobasic in 1800 ml and adjusting to pH 3.0 with 
phosphoric acid (1:3) using a calibrated pH meter and diluting to 2 liters. 
Naphazoline hydrochloride prepared as a I-mg/ml solution in methanol 
was present as the internal standard at a final concentration of 0.05 mg/ml 
in the sample solution. The standard solution contained 0.01 mg/ml of 
cyclobenzaprine hydrochloride and 0.05 mg/ml of naphazoline hydro- 
chloride. 


Assay and  Calculations-Twenty tabletdo were accurately weighed 
and finely powdered to pass a 60-mesh sieve. The equivalent of 1 tablet 
mass was transferred to a 100-ml volumetric flask, 25 ml of 0.05 N sulfuric 
acid in water was added and the flask was shaken for 1 hr. Methanol was 
added to a volume of -85 ml, the flask contents were swirled, and allowed 
to equilibrate to room temperature. (The mixing of these solvents resulted 
in a warm solution.) The flask was diluted to volume and mixed. A 10.0-ml 
aliquot of each sample and 5.00 ml of a 1 mg/ml internal standard were 
diluted with water to 100 ml, and an aliquot was filtered". For individual 
tablet analyses, each tablet was dissolved and diluted as described pre- 
viously. 


Duplicate 20-pl aliquots of composite solutions and single 20-pl ali- 
quots of individual tablet solutions were chromatographed. Measurement 
was by peak area ratio of sample and reference standard to the internal 
standard using an average of two standard injections. Calculations were 
done by the reporting integrator. 


RESULTS AND DISCUSSION 


A typical chromatogram of cyclobenzaprine in the presence of na- 
phazoline is shown in Fig. 1. Linearity of response was demonstrated by 
chromatographing standard solutions. The graph of response to variation 
in the concentration over the 0.005-0.030 mg/ml range of cyclobenzaprine 
hydrochloride with a constant naphazoline hydrochloride concentration 
(0.050 mg/ml) was linear and passed through the origin. 


T o  determine the precision of this method as compared to the official 
USP assay, six replicate composites from each of four different com- 
mercial lots of cyclobenzaprine tablets were assayed. The results are 
tabulated in Table I. The coefficient of variation averaged 1.57% by 
HPLC and 1.00% by the USP method. The devised procedure was con- 


Altex Model 322, Altex Scientific, Berkelev, Calif. 
fi Waters Intelligent Sample Processor (WISP) Model 710A, Waters Associates, 


HP3385A, Hewlett-Packard, Avondale, Pa. * Cary 118, Varian Associates, Palo Alto, Calif. 
Zorbax C-8, DuPont Instruments, Wilmington, Del. 
Flexeril tablets, Merck Sharp and Dohme, West Point, Pa. 
Metricel GA-6 (0.45~). Gelman Instrument Co., Ann Arbor, Mich. 


Milford, Mass. 
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I1 Table 11-Results of 30 Individual Tablet Assass bv HPLC 


Cyclobenzaprine Hydrochloride/Tablet, mg 
Sample Range Mean G D  RSD,% 


W 
v) 
2 


v) 
w 
U 


2 


U 
0 


W 
L 


1 9.29-10.09 9.73 0.26 2.67 
2 9.6S10.44 10.00 0.22 2.20 
3 9.56-10.12 9.84 0.18 1.83 
4 8.72-10.17 9.69 0.34 3.51 


Thirty tablets from each sample were assayed. Declaration ot  10 mg d r y -  
clobenzaprine hydrochloride/tablet. 


Table 111-Relationship of the Retention Time to the Phosphate 
Content in the Aqueous Portion of the Mobile Phase 


I 
Retention Time, min 


Cyclobenzaprine Amitriptyline Desipramine 
% KH2P04b Hydrochloride Hydrochloride Hydrochloride 


I I I I I 1 


0 2 4 6 8 10 


Figure 1-Chromatogram of cyclobenzaprine hydrochloride tablet 
solution containing added naphazoline hydrochloride as  internal 
standard. Key: (I)  cyclobenzaprine; (11) naphazoline. 


sidered statistically acceptable. The results by liquid chromatography 
are slightly higher than those by the USP assay in three of four cases. 
Thirty tablets from each of the four lots were analyzed for content uni- 
formity by the proposed HPLC method. The results are summarized in 
Table 11. 


During development of this assay a number of different variations of 


MINUTES 


Table I-Comparison of HPLC and USP Assay Results of 
Replicate Composite Preparations 


~~~~~~~~~ 


Cyclobenzaprine Hydrochloride/Tablet, mg 
HPLC Method' USP Methodd 


Mean &SD Mean kSD 


Sample 1 9.78 0.14 9.64 0.11 
Sample 2 10.21 0.08 9.82 0.11 
Sample 3 9.94 0.18 9.70 0.08 
Sample 4 9.75 0.22 9.88 0.09 


O Six replicate composites consisting of 20 tabletdcomposite were prepared from 
each of four commercial tablet lots. Having a declaration of 10 mg of cycloben- 
zaprine hydrochloride/tablet. Average of duplicate injections for each composite 
and standard solution. The USP XX method for cyclobenzaprine hydrochloride 
tablets is extraction of the chloride ion pair into methylene chloride followed by 
hack extraction into dilute sulfuric acid and quantitatively measured by UV spec- 
trophotometry. 


0.4 
0.5 
0.6 


8.18 
7.95 
6.79 


8.42 
8.26 
6.95 


6.35 
6.21 
5.28 


The mobile phase consisted of acetonitrile-aqueous potassium phosphate pH 
3.0 buffer (7525); a 25 X 0.46-cm octyl-bonded phase on a silica column was used. 


The phosphate content is expressed as the amount of monobasic potassium 
phosphate used to prepare the aqueous pH 3.0 buffer. 


Table IV-Ultraviolet Absorption of Cyclobenzaprine 
Hydrochloride and Naphazoline Hydrochloride at Selected 
Wavelengths 


Compound Wavelength, nm E X lo3 


Cyclobenzaprine hydrochloride 290 10.79 (max) 


Naphazoline hydrochloride 290 4.52 (sh) 
254 10.26 


254 2.31 


Spectra recorded in water. E = molar absorptivity. 


the mobile phase were tried. The retention time of the cyclobenzaprine 
varied inversely with the acetonitrile content of the mobile phase. The 
proposed chromatographic system elutes cyclobenzaprine in -7 min; but 
if the acetonitrile is reduced from 75:25 to 65:35, the retention time in- 
creases to 12 min. Substitution of methanol increases the retention time 
and magnifies the tailing. 


The relationship of the phosphate content in the mobile phase to the 
retention time of cyclobenzaprine and two structurally related com- 
pounds is shown in Table 111. As the concentration of phosphate de- 
creases, the retention time increases. 


Initially, only methanol was used to dissolve the tablet material. Choice 
of this solvent led to -10% lower results by HPLC than by the USP 
procedure, even though measurement by UV spectrophotometry of the 
solution injected showed that the cyclobenzaprine was there a t  the ex- 
pected level. Changing the solvent to water did not improve this disparity. 
When a small amount of acid was added to the solvent used to dissolve 
the tablet material, the HPLC results correlated well with those of the 
USP procedure. This problem may be caused by one of the tablet ex- 
cipients. Examination of the chromatograms of solutions exhibiting low 
results did now show any evidence of band broadening. Some of the 
materials used in the tablet may be complexing with the cyclobenzaprine 
to either render the species immobile on the column, or in some other way 
interfere with the chromatography. 


The use of a completely aqueous solvent for the tablet material was 
appealing because i t  would have eliminated the problem of heat formation 
on mixing the aqueous 0.05 N sulfuric acid with methanol. However, an 
entirely aqueous solvent, or acetonitrile and water, carry into solution 
most of the tablet excipients, which would then be injected on the column. 
By the use of methanol, many of the excipients can be removed by fil- 
tration prior to chromatography. 


Naphazoline hydrochloride was selected for the internal standard for 
this study because it produced a symmetrical peak shape with good re- 
tention characteristics. The molecule possesses a large *-electron system 
with a good UV chromaphore. 


The detector wavelength used throughout this study was 254 nm. More 
specificity would be gained by the use of the detector wavelength a t  290 
nm. The UV spectral parameters of cyclobenzaprine and naphazoline 
a t  these wavelengths are tabulated in Table IV. At 290 nm half the 
amount of naphazoline hydrochloride would give a detector response 
comparable to the response observed a t  254 nm. 


Journal of Pharmaceutical Sciences I 657 
Vol. 71, No. 6, June 1982 







The HPLC assay procedure is rapid, precise, and specific for the 
analysis of cyclobenzaprine hydrochloride in tablets and represents a 
more convenient assay method than that of the USP. 
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Abstract The reaction characteristics of (S,S)-N-trifluoroacetyl- 
proline anhydride were examined in an attempt to develop a quantitative 
GC assay of the enantiomers of the sterically hindered, chiral amine ke- 
tamine. With the aid of the individual enantiomers of ketamine and the 
corresponding synthetic N-trifluoroacetylprolyl amides, it was found 
that the derivatization reaction proceeds stereoselectively, in poor yield, 
and with some degree of racemization of the acylating reagent. The results 
indicate that care must be exercised when prolyl derivatizing reagents 
are chosen for assaying chiral amines. 


Keyphrases 0 (S,S)-N-Trifluoroacetylproline anhydride-derivati- 
zation of ketamine, GC estimation of enantiomeric composition GC 
analysis-detection of enantiomers of chiral amines with (S,S)-N-tri- 
fluoroacetylproline anhydride Enantiomers-derivatization of chiral 
amines with (S,S)-N-trifluoroacetylproline anhydride for GC estimation 
of enantiomeric composition 


It is important to examine the extent to which chiral 
xenobiotics may undergo enantioselective metabolic 
transformations in an effort to characterize the effects 
which such processes may have on the pharmacological and 
toxicological properties of these substances (1,2). In the 
case of chiral amines, quantitative estimations of enan- 
tiomeric composition have been achieved through GC 
analysis of the diastereomeric amides formed by deriva- 
tization with (S)-N-trifluoroacetylprolyl chloride [ (S)-I] 
(3). Although commercially available as a solution in 
chloroform, this reagent is difficult to obtain in pure form 
and is susceptible to racemization (4). The corresponding 
imidazolide, compound (S)-11, is a relatively stable, crys- 
talline solid (5). However, it  was observed that this deriv- 
ative reacts sluggishly with sterically hindered amines such 
as ketamine (111) (6). In an attempt to obtain a derivatizing 
reagent that can be prepared in crystalline form and that 
might react more readily with ketamine, the synthesis of 


(S,S)-N-trifluoroacetylproline anhydride [ (S,S)-IV] was 
attempted. An attractive feature of (S,S)-IV is that in- 
version about one of the two chiral centers present in this 
molecule leads to the rneso-diastereomeric species (S,R)-V 
which, in theory, should be separable from (S,S)-IV. 


0 w,p I 


F,CFVO m 


1s)-I. R = CI  
W)-n' R = 


\=/ 


0 0  


F&"b 


( S . R )  -P 


RESULTS AND DISCUSSION 


The synthesis of (S,S)-IV from @)-proline and trifluoroacetic anhy- 
dride was reported originally by Weygand (7). Attempts to repeat this 
synthesis initially led to the isolation of a species (mp l lP115°)  which 
proved to be an isomer of the Weygand compound; longer reaction times 
however provided the Weygand compound (mp 138-140°). The electron 
impact mass spectra and NMR spectra of these produds were essentially 
identical, which suggested that the two compounds were diastereomer- 
ically related. Since the high-melting isomer did not rotate plane polar- 
ized light, whereas the low-melting isomer was strongly levorotatory, the 
low-melting isomer was tentatively assigned the asymmetric structure 
(S,S)-IV and the Weygand compound the meso-structure, (S,R)-V. 


Consistent with these assignments, reaction of (S,S)-IV with (S ) -  
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The HPLC assay procedure is rapid, precise, and specific for the 
analysis of cyclobenzaprine hydrochloride in tablets and represents a 
more convenient assay method than that of the USP. 
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Abstract The reaction characteristics of (S,S)-N-trifluoroacetyl- 
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It is important to examine the extent to which chiral 
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transformations in an effort to characterize the effects 
which such processes may have on the pharmacological and 
toxicological properties of these substances (1,2). In the 
case of chiral amines, quantitative estimations of enan- 
tiomeric composition have been achieved through GC 
analysis of the diastereomeric amides formed by deriva- 
tization with (S)-N-trifluoroacetylprolyl chloride [ (S)-I] 
(3). Although commercially available as a solution in 
chloroform, this reagent is difficult to obtain in pure form 
and is susceptible to racemization (4). The corresponding 
imidazolide, compound (S)-11, is a relatively stable, crys- 
talline solid (5). However, it  was observed that this deriv- 
ative reacts sluggishly with sterically hindered amines such 
as ketamine (111) (6). In an attempt to obtain a derivatizing 
reagent that can be prepared in crystalline form and that 
might react more readily with ketamine, the synthesis of 


(S,S)-N-trifluoroacetylproline anhydride [ (S,S)-IV] was 
attempted. An attractive feature of (S,S)-IV is that in- 
version about one of the two chiral centers present in this 
molecule leads to the rneso-diastereomeric species (S,R)-V 
which, in theory, should be separable from (S,S)-IV. 
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RESULTS AND DISCUSSION 


The synthesis of (S,S)-IV from @)-proline and trifluoroacetic anhy- 
dride was reported originally by Weygand (7). Attempts to repeat this 
synthesis initially led to the isolation of a species (mp l lP115°)  which 
proved to be an isomer of the Weygand compound; longer reaction times 
however provided the Weygand compound (mp 138-140°). The electron 
impact mass spectra and NMR spectra of these produds were essentially 
identical, which suggested that the two compounds were diastereomer- 
ically related. Since the high-melting isomer did not rotate plane polar- 
ized light, whereas the low-melting isomer was strongly levorotatory, the 
low-melting isomer was tentatively assigned the asymmetric structure 
(S,S)-IV and the Weygand compound the meso-structure, (S,R)-V. 


Consistent with these assignments, reaction of (S,S)-IV with (S ) -  
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a-methylbenzylamine [(S)-VI] yielded a product that displayed a single 
GC peak and that presumably corresponds to structure (S,S)-VII. Re- 
action of (S)-VI with (S,R)-V, on the other hand, yielded a product 
displaying two equally intense GC peaks corresponding to (S,S)-VII and 
(R,S)-VIW. Additionally, reaction of (S,S)-IV with N-methylaniline 
(IX) yielded a levorotatory anilide [(S)-XI, while the corresponding re- 
action with compound (S,R)-V yielded a racemic mixture of (S)-X and 
(R)-X. 


NHCH, 0 


0 
It wc %, 


I H  
-c, 


FSC 0 


'R 


R - 


Is 
The experimental evidence described previously is sufficient to assign 


unambiguously the structure of the low-melting isomer. Parallel exper- 
imental results have led to the same conclusions (8). The data supporting 
the structure assignment of (S,R)-V, however, are also consistent with 
a racemic mixture of (S,S)-IV and (R,R)-IV. As has been reported with 
related systems, the ability to distinguish between such species is often 
not a trivial task (9). Therefore, the preparation of the racemate of IV 
was attempted by mixing equal amounts of (R,R)-IV [prepared from 
(R)-proline and trifluoroacetic anhydride] and (S,S)-IV. The product 
obtained after crystallization proved to be identical in every way to the 
high-melting isomer. The IR spectra of the presumed racemate and the 
high-melting isomer obtained from the Weygand procedure also were 
identical but were different from that of (S,S)-IV. Based on these results 
and the facile interchange which is reported to occur with mixtures of 
acetic anhydride and trifluoroacetic anhydride (lo), it is possible that 
upon recrystallization, the racemic mixture of IV undergoes dispropor- 
tionation to yield the thermodynamically more stable meso-isomer 


The pathway leading to the formation of the rneso-compound is likely 
(S,R)-V. 


xm 
N '%,. . 


I -PI---- 
I \ I  ;-0 


( SIR 1- P 
Scheme I 


to involve the oxazolinium intermediate (XI) (Scheme I). Recombination 
of the (R)-N-trifluoroacetylprolyl anion [@)-XI11 with @)-XI leads to 
(S,R)-V. Compound (S,R)-V may also be formed from @)-XI1 and 
(R)-XI. It seems reasonable to speculate that the formation of compound 
(S,R)-V from (S)-proline and trifluoroacetic anhydride also proceeds 
through XI, which may undergo inversion to (R)-XI through reversible 
tautomerism to the symmetric mesoionic species (XIII). A similar process 
has been proposed for the racemization of (S)-N-p-nitrobenzoylproline 
in the presence of acetic anhydride and a trace of acid (11). 


The utility of (S,S)-IV for the quantitative estimation of the enan- 
tiomeric composition of ketamine was examined next. GC analysis of the 
reaction product obtained between (S,S)-IV and racemic ketamine in 
the presence of triethylamine gave a pair of sharp peaks with baseline 
separation and mass spectra consistent with the expected amide struc- 
tures (S,S)-XIV and (S,R)-XV2. With the aid of the pure ketamine en- 
antiomers, the diastereomer with the shorter retention time was shown 
to be the (S)-N-trifluoroacetylprolyl amide of (S)-ketamine. Under a 
variety of reaction conditions, however, product formation appeared to 
favor the diastereomer having the longer retention time, i.e., (S,R)-XV. 
For reasons to be discussed, reaction of racemic ketamine with (S,S)-IV 
also may yield significant amounts of the enantiomeric species ( R , S ) -  
xv. 


I S . S ) - X I p  1S.P ) - xp ( R . S ) - X p  


The two N-trifluoroacetylprolyl diastereomeric amides of ( R ) -  and 
(S)-ketamine were obtained in analytically pure form from the reaction 
of (S)-N- trifluoroacetylprolyl chloride and individual ketamine enan- 
tiomers. Although the reaction with (R)-ketamine proceeded smoothly, 
attempts to prepare the corresponding amide of (S)-ketamine were ac- 
companied by extensive inversion of the derivatizing reagent. The main 
product obtained in this reaction was the diastereomeric (R)-N-trifluo- 
roacetylprolyl amide of (S)-ketamine, i .e.,  (R,S)-XV. The N-trifluo- 
roacetylproline recovered from the reaction mixture proved to be racemic, 
which indicates that racemization of the prolyl reagent during the reac- 
tion with (S)-ketamine is extensive. 


GC analysis of the two diastereomers showed that the detector re- 
sponses of these compounds were essentially identical. Consequently, 
the different peak heights observed in the analysis of racemic ketamine 
must be due to the stereoselective formation of the (S)-N-trifluoroa- 
cetylprolyl amide of (R)-ketamine and/or the (R)-N-trifluoroacetylprolyl 
amide of (S)-ketamine. 


An additional frustration encountered in the attempts to develop a 
ketamine assay with (S,S)-IV was the low yields realized in these reac- 
tions. Based on peak heights found with the synthetic N-trifluoro- 
acetylprolyl amides, the maximum combined yield of the two diaste- 
reomeric amides obtained upon reaction of racemic ketamine with 
(S,S)-IV was only 17% (Table I). The use of a large excess of the anhy- 
dride or introduction of additional anhydride during the course of the 
reaction did not influence the overall yield. Although somewhat better 
yields were obtained with (S)-I, the derivatization of ketamine with @)-I 
was more stereoselective (Table I). 


A pathway to account for these results would involve cleavage of the 
anhydride to the (S)-oxazolinium species [(S)-XI] and (S)-N-trifluo- 
roacetylproline anion [(S)-XII]. Conversion of (S)-XI to XI11 would 
deplete the acylating reagent and also generate 1 mole of acid. Although 
a 5:1 A4 ratio of triethylamine to ketamine was used, the large excess of 
(S,S)-IV could result in adequate acid production to protonate (and 
hence inactivate) the ketamine. The yellow color which developed during 
the course of the reaction is consistent with the report that XI11 is yellow 
(12). 


Analytical scale reactions with the individual isomers of ketamine again 
demonstrated the poor reactivity of (S)-ketamine with both (S,S)-IV 
and (S)-I (Table I). Extensive racemization occurred during these reac- 
tions. Since the chiral center of ketamine is tetrasubstituted, and 
therefore unlikely to racemize, the formation of the undesired diaste- 
reomer is attributed to inversion of the prolyl moiety. The reactions of 
(S,S)-IV and @)-I with @)-I11 proceeded in reasonable yields and were 
accompanied by only a limited amount of inversion (Table I). If it is as- 
sumed that the transition state energy for the formation of the prolyl 


1 For all such designations. the first symbol refers to the chirality of the N.tri. 
fluoroacetylprvlyl moiety and the second symbol to the chiralitv of the amine. 


~~ 


2 The absolute stereochemistry of ketamine-free base has been found to be R(+) 
and S(-). These data will be published in the near future. 
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Table I-GC Analysis of Ketamine following Derivatization with 
N-Trifluoroacetylpropyl Reagents" 


The corresponding reaction with (R)-proline provided the enantiomeric 
anhydride (R,R)-IV, in 36%yield: mp 114-115'; [.IDz2 = +106.5' (C, 0.7 


Peak Areas 
Temperature (S ,S)- /  (S,R)-/ Yield, 


Reactant Reagent (Time, hr) (R,S)-XIV (R,S)-XV % c  


3 8 2 
(R,S)-III (S,S)-IV 100' (I) 14 68 16 
(R,S)-III (S,S)-IV 100' (2) 21 63 17 
(R,S)-III (S,S)-IV 1000 (4) 20 58 16 
(S)-III (S.S)-IV 75' (2) 2 0 1 
isj-111 i s l s j - Iv  looo i2j 49 14 25 
(R)-I11 (S,S)-IV 75' (2) 0 6 3 
(R)-I11 (S.S)-IV 100' (2) 12 86 39 
(R,S)-III @)-I 75' (2) 33 206 48 
(R.S)-III (S)-I 75' (4) 32 196 46 
iR$j-III (sj-1 1000 i i j  49 2 i i  52 
(R,S)-III @)-I 100' (2) 29 134 33 
(S)-III (S1-I 75' (2) 27 19 18 
(R)-III 6 - 1  75' (2) 18 208 90 


The assays were performed according to the procedure described in the Ex- 
perimental section. * Since (S,S)-IV and (S)-I are susceptible to inversion, the peak 
areas reported for reactions involving racemic ketamine represent the sum of the 
res onses of the enantiomeric prolyl amides. Yields were calculated on the basis 
of fetector responses obtained with pure (S,S)-XIV and (R,S)-XV. Note that  the 
individual enantiomers were run a t  one-half the concentration of racemic ke- 
tamine. 


amide with (S)-ketamine is greater than with (R)-ketamine, the com- 
peting reaction pathway (Scheme I) leading to isomerization of (S,S)-IV 
and @)-I would proceed to a greater extent in the reaction with (5')- 
ketamine than with (R)-ketamine. Once inversion has occurred, the en- 
ergetically more favored reaction of (S)-ketamine with the (R)-prolyl 
reagent could occur preferentially. 


The results obtained in this study clearly point to a number of dif- 
ficulties with prolyl derivatizing reagents to which researchers should 
be alerted. Whenever possible, quantitative estimations based on GC 
analysis of reaction mixtures should be based on detector responses 
measured with the pure synthetic diastereomeric amides. Secondly, the 
possibility of stereoselective reactions with chiral amines and prolyl 
derivatizing reagents should be carefully evaluated. Finally, the stability 
of the derivatizing reagent with respect to racemization should be ex- 
amined with the aid of the individual enantiomers of the amine. In the 
present study it has been found that the reaction of the anhydride reagent 
(S,S)-IV with ketamine proceeds stereoselectively, in poor yield, and is 
accompanied by inversion. Unfortunately, the corresponding reaction 
between the commercially available (S)-N-trifluoroacetylprolyl chloride 
suffers from similar limitations. 


EXPERIMENTAL3 
(S,S)-N-Trifluoroacetylproline Anhydride [ (S,S)-IV]-Triflu- 


oroacetic anhydride (84 g, 0.40 mole) was added dropwise with stirring 
under nitrogen and external cooling to an ice cold suspension of ( S ) -  
proline (23 g, 0.20 mole). After 3 hr, the volatile components were removed 
under vacuum and the residual yellow mass was recrystallized 3 times 
from ether to yield 22.9 g (0.06 mole, 57%)'of white crystals, mp 114-115' 
[lit. (8) mp 114-115'); NMR (deuterochloroform): 1.8-2.5 (m, SH, CH2), 
3.79 (m, 4H, NCHz), and 4.62 (t, J = 6.2 Hz, 2H, CH) ppm; IR (oil mull): 
1822,1760,1690,1460,1380,1360,1350,960,940,930,910,878,840,815, 
795, and 768 cm-'; electron impact mass spectrum (relative intensity): 
404 (M+, 0.4), 376 (0.5), 211 (1.4), 194 (44), 166 (100),98 (9.8),96 (35), and 
69 (82); [ c y ] ~ ~ ~  = -98.6' (C, 0.7 mg/ml; benzene). 


And-Calc. for C ~ ~ H I ~ N ~ O ~ F G :  C, 41.60; H, 3.49; N, 6.93. Found: C, 
41.53; H, 3.51; N, 6.83. 


~ ~ ~ ~~~~~~ 


Melting points were taken on a Thomas-Hoover apparatus and are uncorrected. 
IR spectra were obtained using a Beckman Aculab 2 spectrophotometer. NMR 
spectra were recorded on a Varian FT-80 instrument. Chemical shifts are reported 
in parts per million (ppm) relative to trimethylsilane. Chemical ionization mass 
spectra were taken on an Associated Electronics Inc. Model MS-902 double-focus 
mass spectrometer equipped with a direct inlet system and modified for chemical 
ionization. The electron impact mass spectra were recorded on a Hitachi model 
M-52 instrument. Specific rotation measurements were performed on a Perkin- 
Elmer 141 electronic polarimeter. GC analyses of the derivatized amines were re- 
corded on a Hewlett-Packard 5700A machine equipped with a nickel electron 
ca ture detector. The column was a 3 m X 6-mm i.d. glass column packed with 3% 
S822250 coated on 100/120 mesh Supelcoport. Argon-methane carrier gas flow rate 
was 30 ml/min and the column temperature was 250'. Peak area integration was 
done automatically by a Hewlett-Packard 3380A integrating recorder. Micro- 
analyses were performed by the Microanalytical Laboratory, University of Cali- 
fornia a t  Berkeley. 


mg/ml, benzene). 
(S,R)-N-Trifluoroacetylproline Anhydride [ (S,R)-V]--The re- 


action of (S)-oroline (5.75 p. 0.05 mole) and trifluoroacetic anhvdride 
(42.0 g, 0.20 mole) in 20 ml of methylene chloride at  room temperature 
for 48 hr yielded 2.5 g (0.006 mole, 25%) of the rneso-anhydride, (S,R)-V, 
which was recrystallized from ether: mp 139-140" [lit. (7) mp 138-140'1; 
NMR and electron impact mass spectrum were indistinguishable from 
(S,S)-IV; [.]DZ2 = 0.0' (C, 0.66 mg/ml; benzene); IR (oil mull): 1822,1760, 
1690,1465,1380,1368,1355,940,930,914,874,812, and 760 cm-l. 


A n d  -Calc. for C14H14N205F6: C, 41.60; H, 3.49; N, 6.93. Found: C, 
41.77; H, 3.62; N, 6.96. 


( S ) - N - (  N-Trifluoroacetylproly1)-N-methylaniline [ (S)-X ]-A 
mixture of (S,S)-IV (1.8 g, 4.5 mmoles) and N-methylaniline (5 g, 46.7 
mmoles) was heated for 2 hr under nitrogen with stirring. The cooled 
reaction mixture was washed twice with 10 ml of hexane and the residual 
oil was subjected toa  short path distillation under reduced pressure. The 
distillate was crystallized from chloroform to yield 0.6 g (2.0 mmoles, 
22.4%) of a colorless solid: mp 136-138'; NMR (deuterochloroform): 
1.5-2.3 (m, 4H, CHz), 3.28 (s, 3H, CH& 3.76 (m, 2H, NCHz), 4.43 (t, J 
= 6.3 Hz, lH, CH), and 7.40 (m, 5H, phenylH) ppm; [Cy]Dz2 = -102.9' (C, 
0.7 mg/ml; benzene). 


Anal.-Calc. for C14HlsNzOzF:3: C, 56.00; H, 5.04; N, 9.33. Found: C, 
55.65; H, 5.07; N, 9.28. 


The same reaction carried out with (S,R)-V provided (S,R)-X in 17% 
overall yield: mp 102-104'; [.IDy2 = 0.0' (C, 0.7 mg/ml, benzene). 


And-Calc. for C14H15Nn02F3: C, 56.00; H, 5.04; N, 9.33. Found: C, 
56.05; H, 5.04; N, 9.31. 
(S,S)-2-[ N-(  N-Trifluoroacetylprolyl)-N-methyl)]amino-2-o- 


chlorophenylcyclohexanone [ ( S ) -  N-Trifluoroacetylprolyl Amide 
of (S)-Ketamine, (S,S)-XIVI-A solution of ( O N -  trifluoroacetyl- 
prolyl chloride (536 mg, 2.33 mmoles in 23 ml of methylene chloride) and 
(S)-III(13) (500 mg, 2.11 mmoles in 10 ml of toluene) was heated a t  75' 
with stirring under nitrogen for 1.5 hr. After cooling, the reaction mixture 
was stirred with 30 ml of 0.2% NaOH, separated, and washed with 10 ml 
of 0.5% HC1. After drying with sodium sulfate, hexane was added and the 
resulting solution was cooled to 5' to produce 300 mg (0.7 mmole, 33.2%) 
of a solid: = +41.6' ( C ,  0.77 mg/ml; benzene); mp 197-200'. The 
NMR, electron impact mass spectrum, and GC retention time of the 
product were identical to the corresponding values for (S,R)-XV and 
therefore, its structure is assigned as (R,S)-XV. Treatment of the mother 
liquor with an additional 5 ml of hexane caused the precipitation of a 
second solid (45 mg, 0.2 mmole) which proved to be racemic N-trifluo- 
roacetylproline: mp 53-55'; [.ID2" = 0.0' (C,  0.7 mg/ml; benzene); 
chemical ionization mass spectrum, 212 (MH+). 


And-Calc. for C ~ H B N O ~ F ~ :  C, 39.81; H, 3.79; N, 6.64. Found C, 39.80; 
H, 3.88; N, 6.60. 


The residue obtained from the mother liquor filtrate was chromato- 
graphed on 10 g of silica. Elution with benzene-ethanol (95:5) provided 
a solid, which after crystallization from toluene-hexane yielded 7 mg 
(0.016 mmole, 0.8%) of the desired amide (S,S)-XIV: mp 184-186'; 
chemical ionization mass spectrum ( r n / z ,  relative intensity): 433 and 431 
(MH+, 25, loo), 397 (lo), 227 and 225 (50, loo), 211 and 209 (60,100); GC 
retention time, 16.8 min. 


Anal.-Calc. for C20H22N203F3Cl: C, 55.75; H, 5.15; N, 6.50. Found: 
C, 55.56; H, 5.30; M, 6.46. 


(R)-2- [  N-(  N-Trifluoioacetyl-( S)-prolyl)-N-methyl]amino-2- 
o-chlorophenylcyclohexanone [(S)-N-Trifluoroacetylprolyl 
Amide of (R)-Ketamine, (S,R)-XV]-(S)-N-Trifluoroacetylprolyl 
chloride and (R)-ketamine were allowed to react under the same condi- 
tions as described previously. After treatment with 0.2% NaOH, extrac- 
tion with 0.5% HC1, and drying with sodium sulfate, addition of hexane 
and cooling led to the crystallization of 490 mg (1.14 mmoles, 54%) of 
(S,R)-XV mp 200-202'; NMR (deuterochloroform): 1.5-2.6 (m, 11H, 
CHz), 3.24 (s, 3H, NCH3), 3.3-3.5 (4, lH, CH), 3.7-3.9 (m, 2H, CHz), 5.09 
(t, lH,  CH), and 7.1-7.5 (m, 4H, phenylH) ppm; [ a ] ~ ~ ~  = -41.2' (C, 0.68 
mg/ml; benzene); chemical ionization mass spectrum was identical to 
(S,S)-XIV; GC retention time, 19.2 min. 


Anal.-Calc. for C20H22N20:jF3Cl: C, 55.75; H, 5.15; N, 6.50. Found: 
C, 55.70; H, 5.24; N, 6.32. 


Amine Derivatization-Derivatizations of racemic ketamine and the 
individual enantiomers of ketamine for GC analysis were performed 
under similar conditions except that the concentration of racemic ke- 
tamine was twice that of the individual enantiomers. Reactions were 
carried out in 50 pl of toluene-methylene chloride-triethylamine (95: 
5:0.02) containing (R,S)-ketamine (1.68 mM) or the ketamine enantio- 
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mers (0.84 mM), and in each case a 30 A4 excess of (S,S)-IV or (S)-I. The 
reactions were performed in screw cap sealed, polytef-lined reaction vials 
which were heated to  75-100’ for 1-4 hr in a block heater. A t  the end of 
the reaction, the mixtures were washed with 0.2% NaOH (50 pl) followed 
by 0.5% HCl(50 pl) and then dried over sodium sulfate. The solutions 
were carefully transferred with the aid of a Pasteur pipet to a second 
reaction vial and the solvent removed under a stream of dry nitrogen. The 
residues were dissolved in 100 j11 of toluene, and 1 p1 of the resulting so- 
lution was analyzed by GC. Retention times for (S,S)-XIV and (S,R)I 
(R,S)-XV were 16.8 and 19.2 min, respectively. Derivatization of ( S ) -  
a-methylbenzylamine with (S,S)-IV and (R,S)-V proceeded in a similar 
fashion. GC retention times for (S,S)-VII and (S,R)-VIII were 15.5 and 
13.3 min, respectively, using the same conditions as for the ketamine 
analyses. 
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Abstract The sweet compounds 2-methyl- and 3-methylcyclohexyl- 
and 2-cyclohexenylsulfamates were fed to Wistar albino rats. The urine 
(and feces in the case of 2-cyclohexenylsulfamate) was examined for 
possible amine, ketone, and alcohol metabolites. The total percent of 
metabolites formed was low and the hexenyl compound gave a particu- 
larly small quantity of metabolite. The results with these compounds are 
compared with those obtained from earlier in uiuo studies with cyclamate 
and other sulfamates. In complementary in uitro studies, the four 
sweetest sulfamates, namely, cyclamate, cycloheptyl-, cyclooctyl-, and 
cyclopentylsulfamates were incubated with the cell-free extract of bac- 
teria isolated from the feces of cyclamate fed rats. Some correlation was 
apparent between these in uitro experiments and previous in uiuo studies. 
Preliminary mutagenicity testing (the Ames test) of some amines (cor- 
responding to the sulfamates studied) has been carried out. 


Keyphrases 0 Sulfamate sweeteners-in uiuo and in uitro studies of 
amine, ketone, and alcohol metabolites Metabolism-amine ketone, 
and alcohol metabolites of sulfamate sweeteners 0 Cyclamates---in uiuo 
and in uitro studies of amine, ketone, and alcohol metabolites 


The controversial ban on the use of cyclohexylsulfamate 
(cyclamate) salts as nonnutritive sweeteners has provided 
a strong impetus for wide and varied toxicity studies of 
these compounds and their metabolites (1). Though at 
least some other sulfamates have a sweetness potency 
similar to the banned parent compound (2), and it has been 
suggested that certain of these sulfamates might be less 
readily metabolized than is cyclamate (3), nevertheless 
toxicological studies have been carried out on just a few 
such compounds (4). In the present work, in uiuo animal 
feeding studies employed three other sweet sulfamates: 2- 
and 3-methylcyclohexyl- and 2-cyclohexenylsulfamates. 
In a complementary in uitro study, some of the sweetest 
known sulfamates have been incubated in cell-free extracts 


of the microorganisms responsible for the metabolism of 
cyclamate. Some work has been carried out on the muta- 
genicity of the amines to which these sulfamates give rise 
when metabolized. 


EXPERIMENTAL 


Reagents and Chemicals-The amines, ketones, and alcohols were 
commercially available and were used as obtained. The following com- 
pounds were synthesized by known literature methods: 2-methylcyclo- 
hexanol(5), cyclohexyl- (6), 2-methyl- (6), 3-methyl- (6),2-cyclohexenyl- 
(7), n-octyl- (8), and phenyl- (9) sulfamates. Cyclopentyl-, cycloheptyl-, 
and cyclooctylsulfamates were previously prepared (4). All the synthe- 
sized sulfamates (as their sodium salts) gave a positive “sulfamate test” 
(2), satisfactory C, H, and N analysis, and the characteristic IR bands for 
sulfamates. 2-Cyclohexenylsulfamate gave an additional band in the 
1640-1615 cm-’ region, which is characteristic of an ethylenic double 
bond. 


In Vivo Experiments-Female Wistar albino rats (200-257 g) were 
kept on solid food and water in rat metabolism cages’. The sodium salts 
of 2- and 3-methylcyclohexyl- and 2-cyclohexenylsulfamates were ad- 
ministered orally in water (-20 ml) a t  a level of 1.45 g/kg of body weight 
to groups of six rats (five in the case of 2-methylcyclohexylsulfamate). 
Prior to administration of the sulfamates, the rats were deprived of water 
for 24 hr. Prior to  feeding, the urine of each rat was examined for me- 
tabolites by GLC. Similarly, the three sulfamates fed were screened for 
occluded amine, also by GLC. After administration of each sweet com- 
pound, the urine (and feces in the case of 2-cyclohexenylsulfamate) was 
collected for 3 days, bulked, and refrigerated for no more than 1 day when 
GLC analysis for the metabolites was carried out. 


The urine and feces recovered from rats, fed 2-cyclohexenylsulfamate, 
was not analysed until the eighth day (instead of the customary fourth 
day), and accordingly, a study of the stabilities of 2-cyclohexenylamine 
and 2-cyclohexenone in urine and feces over a 7-day period was made. 
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the general belief that the thermodynamic activities of water (reactant) 
and hydronium ion (catalyst) can be extremely low inside the micellar 
phase, one would expect the pH-profile of log kl,k,, shown in Fig. 1 (half- 
filled circles). Note that the overall rate-determining step in the hy- 
drolysis of I is the protonation at  C-5, which makes the Ai bond polarized 
and susceptible to the subsequent water attack (Scheme I) (3). That is, 
if an intrinsic reactivity is assigned to the free acid present inside the 
micellar phase, regardless of the pH of the bulk phase, then the pH-profile 
of the observed rate constant should resemble that of the apparent par- 
tition coefficient. This analysis is consistent with what was observed. 


In the presence of 1.0% hexadecyltrimethylammonium chloride, the 
apparent hydrolysis rate at  pH below 3 is -1.5 X 10:’ fold slower than in 
the absence of the surfactant (Fig. 1). At neutral pH values, however, such 
a comparison can be made only after taking the general acid catalysis by 
buffer components into consideration. At  pH 7.45, for instance, if the data 
shown in Fig. 1 are compared, only a 62-fold decrease in the rate is ob- 
tained. However, the hydrolysis rate shown in Fig. 1 in the absence of the 
surfactant is the rate extrapolated to zero buffer concentration, whereas 
that in the presence of the surfactant was obtained in a 0.165 M phos- 
phate buffer of 0.50 M ionic strength. In an identical buffer system 
without the surfactant, it was found previously that the hydrolysis is 


-4.56 faster than a t  zero buffer concentration (2). The net effect of l . O q t  
hexadecyltrimethylammonium chloride is, therefore, a reduction of the 
hydrolysis rate of -280-fold; t 1 / 2  from 3.5 min to 16.5 hr. 


Finally, one should not attempt to interpret the coincidental overlap 
of the rate constants for the hydrolysis of methyl ester (triangles in Fig. 
1) and I in the presence of the surfactant a t  pH above 6. As discussed 
previously (4), the latter is a function of the concentration of both sub- 
strate and the surfactant present in a given system. 
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Abstract 0 The partition coefficient between tissue and blood used in 
physiologically-based pharmacokinetic modeling analysis was investi- 
gated using the concept of clearance. New equations were derived and 
compared with previously reported equations in constant intravenous 
infusion and bolus injection methods. The importance of differentiating 
arterial from venous blood is discussed. 


Keyphrases 0 Partition coefficient-tissue to blood, physiologically- 
based pharmacokinetics Pharmacokinetics-determination of tissue 
to blood partition coefficients in physiologically-based pharmacokinetic 
studies 0 Blood sampling-differences between arterial and venous 
blood, physiologically-based pharmacokinetic studies 


The formulation of a physiologically-based phar- 
macokinetic model requires an accurate determination of 
physiological parameters such as blood flow, organ volume, 
partition coefficient, and clearance (1). The estimation of 
the tissue to blood partition coefficients for a compound 
is of special interest to pharmacokineticists because it can 
be directly measured in the laboratory. Recently, Chen and 
Gross (2) pointed out different methods by which tissue 
to plasma partition coefficients can be determined under 
specific experimental conditions. The following equations 
were used in constant infusion and bolus injection studies, 
respectively: 


where R is the partition coefficient of drug between organ 
tissue and plasma, K was defined as the first-order elimi- 
nation rate constant [but was used as organ clearance in 


their calculations ( 2 ) ] ,  Q is the flow rate of plasma in the 
organ, (2; and (2; are the concentrations of drug in tissue 
and plasma a t  steady state, Cp and CE are the concentra- 
tions of drug in tissue and plasma a t  time zero extrapolated 
from the terminal phase, (Y is the terminal rate constant, 
and Vt is the volume of the organ or tissue. The present 
study examined Eqs. 1 and 2 from the concept of physio- 
logical clearance and derived new equations for the de- 
termination of R in constant infusion and bolus injection 
studies. Flow and concentration in terms of blood were 
dealt with instead of plasma. 


THEORETICAL 
The concept of clearance and its applications are well defined in the 


pharmacokinetic literature (3-7). In an eliminating organ or tissue, it 
describes the volume of incoming blood completely cleared of drug by 
the organ per unit time. Conventionally, it is expressed as the organ 
clearance, CL,, and is defined as: 


CL, = (Eq. 3 )  
Ci 


where r is the rate a t  which the drug is removed from the organ and C, 
is the drug concentration in the incoming blood. However, it has been 
observed that CL, might be dependent on the blood flow through the 
organ and the use of intrinsic clearance, CL, ,  was proposed to correct for 
the influence of blood flow ( 3 ) .  CL, is defined as: 


CLi = L (Eq. 4)  
CO 


where Co is the effluent venous blood concentration which is in equilib- 
rium with the eliminating organ. It measures the maximum capacity of 
the organ to eliminate the drug. An important relation obtained from the 
above clearance equation is: 


r = CL,qCi = CL,Co (Eq. 5) 
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Scheme I -A simplified physiologically- based pharmacokinetic model 
in mammals. 


This relationship describes the rate of removal of the drug from the 
eliminating organ in terms of either the influent arterial or effluent venous 
blood concentration. A simplified physiological model (Scheme I) is de- 
picted for discussion purposes. Conventionally, the eliminating organs 
are the liver and kidney, while the noneliminating organs are the heart, 
muscle, adipose tissue, bone, etc. The lung is also considered as an 
eliminating organ for many drugs (8, 9), but due to its anatomical ar- 
rangement, it is treated separately. Nevertheless, the same reasoning 
could he applied to its treatment. 


From the mass balance principle, the rate of drug accumulation in any 
organ can he described by the following equation: 


dC 
dt 


organ 


(Eq. 6) V, -2 = QC, - QCo - CL,C, 


In a well-stirred model, one generally assumes rapid equilibrium between 
organ tissue and its emerging venous blood (3.10). The partition coeffi- 
cient between tissue and blood is then defined as the ratio of the amount 
of drug per gram of the extravascular tissue (C,) to the concentration of 
drug in the effluent venous blood: 


C 
co 


R = L  


Substituting into Eq. 6 yields: 


dC QC 
dt  R 


Vt -2 = QC, - -2 - CL,C; 


(Eq. 7) 


(Eq. 8)  


Partition coefficients can be estimated based on the conditions imposed 
by the method of administration, namely, constant infusion, intravenous 
bolus injection, and first-order absorption (2). Only the first two methods 
will he examined here. 


Constant Infusion-It is apparent that a t  steady state, the differential 
term in Eq. 8 will become zero and: 


(Eq. 9) 


Since CL, = Q E ,  and C ,  = C;/(l - E ) ,  where E is the extraction ratio 
of the organ, Eq. 9 will be reduced to: 


(Eq. 10) 


In the case of a noneliminating organ, the concentration of the influent 
blood will be the same as the effluent blood a t  the steady state (7,111 and 
the applicability of Eq. 10 is evident. 


Bolus Intravenous Injection-For a linear multicompartmental 
system, the concentration in each compartment will decay at  the same 
rate after the attainment of pseudo-distribution equilibrium. Both the 
arterial and the venous blood concentration will be of the form: 


c = COe-"t (Eq. 11) 


at the terminal phase; Co and a are the same as defined previously. 
Substitution of Eq. 11 and its derivative into Eq. 8 yields: 


-uVtCl)e-at = QCPe-"t - a e - a t  - CL,CPe-"t (Eq, 12) 
R 


so that: 


(Eq. 13) 


RESULTS AND DISCUSSION 


The derived equations provide the theoretical basis for estimating the 
partition coefficient of drugs between tissue and blood. It is obvious that 
Eqs. 9 and 13 are different from Eqs. 1 and 2. If CL,Co is in the place of 
CL,C; in Eq. 6, and knowing that CL, = CLiQ/(CL,  + Q), the same 
conclusion can be drawn. The discrepancy between the newly derived 
and the reported equations lies in the definition of the clearance in the 
mass balance equation. The effluent concentration, Co or C',/R, in the 
elimination rate in Eq. 6 should only be used with CL,. 


For constant infusion studies, R can be calculated by simply taking 
the ratio of the drug concentration in the tissue to the effluent venous 
blood as indicated in Eq. 10. The arterial blood concentration can also 
be used if the extraction ratio of the compound by the organ is known. 
Either arterial or venous blood concentration can be used interchangeably 
for the R determination of a noneliminating organ. 


Equation 13, on the other hand, offers the tool to estimate R from bolus 
injection data. Its limitation, however, is quite severe hecause all of the 
physiological and clearance parameters must he known before applying 
the equation. It also requires the exclusive use of arterial blood concen- 
tration in its application. In the case of a noneliminating organ, Eq. 13 
could be reduced to: 


(Eq. 14) 


By recognizing the fact that QC, + aVtCf = QCo and CL,  = 0. The use 
of effluent venous blood concentration would then he most appropriate. 
It is of interest to note that for such an organ, venous blood sampling 
avoids the cumbersome restrictions dictated by Eq. 13. It also avoids the 
use of literature physiological parameter values, since errors in them may 
be compounded in the determination of R. 


The previous discussions suggest the importance of the source of blood 
sampling. As indicated in Eqs. 10 and 14, venous blood concentration can 
be used for determining R; however, venous blood must be obtained from 
the outflow of the organ of interest. Since the venous concentrations can 
vary among organs (11) many venous samples might have to be taken 
from different organs to satisfy the conditions prescribed by the equa- 
tions. In reality, venous blood is often obtained from one peripheral vein 
or the pooled venous blood (such as studies in mice or rats); the validity 
of such practices appears questionable in light of the arguments pre- 
sented. In addition, many tissues and blood (plasma) flow parameters 
are often pooled and scaled accordingly, making the possibility of 01)- 
taining venous blood for these tissues almost impossible. 


Systemic arterial blood, on the other hand, is generally regarded as 
homogeneous in the body (7, 11). Sampling it from any site could closely 
reflect the influent arterial blood concentration in all other organs except 
for the lung (7,s) .  Because of its association with CL,, in Eq. 6, literature 
clearance data can he used readily without any modifications, since organ 
clearance is estimated routinely by the quotient of the total amount, of 
drug eliminated from a particular route and the total area under the blood 
(plasma) level-time curve. In addition, sampling of arterial blood is rel- 
atively easy in experimental animals and the advantage of this approach 
is obvious. 


The source of blood sampling is not only important in the determina- 
tion of R ,  but may also be significant in the overall successfulness of a 
physiologically-based pharmacokinetic model. From a mathematical 
standpoint, the predicted blood (plasma) levels from the system of 
first-order differential equations are, in fact, those of the arterial blood 
(12-17). Therefore, it seems only logical to sample arterial blood for 
comparison with the predicted levels. A brief review of the literature, 
however, revealed that the source of blood sample could be any one of 
the following: arterial[lidocaine (12) and procaine (13)] ,  jugular venous 
(sulfobromophthalein (14) and digoxin (15)\, peripheral venous (adri- 
amycin (16)], and total pooled plasma [methotrexate (17)]. It is apparent 
that  no general rule has been adopted in this area. Arterial sampling 
certainly is justifiable physiologically and should be used. This is par- 
ticularly true in view of a recent study which showed significant arte- 
riovenous plasma concentration difference for six compounds after in- 
travenous administration to dogs and rabbits (11). 


R = - ! = A  co c 
cg co 
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Abstract The electrical conductivity effects of dispersed, coagulated, 
and flocculated systems were investigated using sulfamerazine powder, 
an insoluble, hydrophobic drug to prepare the suspension systems. For 
the dispersed systems, a peak in conductivity was observed a t  a drug 
concentration between 5 and 15%. The critical coagulating concentration 
was defined as the concentration of drug a t  which a maximum in specific 
conductance was observed. At  this concentration, a maximum number 
of charged particles were in the system. Coagulated suspensions showed 
higher conductance values than the dispersed systems a t  equivalent 
concentrations; however, the critical coagulating concentration value 
appeared to he the same. For flocculated suspensions there was an in- 
crease in conductance with drug concentration with no perceptible peak 
conductance value. 


Keyphrases 0 Conductivity-use in studies of suspension systems in 
different states of aggregation Aggregation states-electrical con- 
ductivity effects on dispersed, coagulated, and flocculated systems 
Suspension systems-electrical conductivity effects on dispersed, 
coagulated, and flocculated systems 


As defined in the United States Pharmacopeia (l), 
suspensions are preparations of finely divided, undissolved 
drugs in liquid vehicles. Insoluble particles dispersed in 
a liquid medium have large specific surface areas which 
render the suspension system thermodynamically unsta- 
ble. The particles tend to settle and form aggregates which 
have a reduced surface area and, thus, a decreased surface 
free energy. This results in a system of greater thermody- 
namic stability. Two types of aggregation are identified: 
coagulation and flocculation. Unfortunately, these terms 
are used frequently in the literature in a way that confuses 
the nature of the systems being described (2). 


Here, a dispersed system in water is described as con- 
sisting of primary particles acting as independent entities 
in the bulk water polar medium. The settling process, in 
general, is relatively slow with each particle settling sep- 
arately. 


In a coagulated system the aggregated particles, in- 
cluding adsorbed surface films, are in surface contact with 
each other and each aggregate of particles (coagula) acts 


as a unit. The particles are held together by film-film 
bonds. The interstitial water is structured and exhibits 
nonpolar behavior. Coagulated suspensions tend to form 
caked systems which can be difficult, if not impossible, to 
redisperse. 


In a flocculated system the aggregated particles are held 
together by one of several mechanisms: adsorption 
bridging, chemical bridging, or long-range Van der Waals 
forces (secondary minimums). The particles settle out as 
a “floc,” a loosely packed aggregate having a network-like 
structure. A hard cake does not form and the sediment is 
readily redispersed to the original suspension form. The 
water medium is bulk polar water. 


The classification of these systems was first reported by 
Ecanow et al. (3) and has since been referred to by others 
(4). The properties of dispersed, coagulated, and floccu- 
lated systems have been compared in terms of caking (5), 
sedimentation rate (6), rheology (3), gas adsorption (7), 
and filtration rates (8). In the present study, the electrical 
conductivity effects of these systems were investigated. 
Sulfamerazine powder, a hydrophobic drug, was used to 
prepare the suspensions, and docusate sodium (I), an an- 
ionic surfactant, rendered the drug particles hydrophilic 
in the formation of the dispersed and the coagulated sys- 
tems. Compound I and aluminum chloride were used to 
form the flocculated systems (9) of sulfamerazine parti- 
cles. 


EXPERIMENTAL 


Materials-Sulfamerazine’ was USP grade and ranged in particle size 
from 5 to 20 Fm. Docusate sodium2 USP was employed as the surfactant, 
and aluminum chloride3 NF served as the flocculating agent. All other 
chemicals were reagent grade and were used without further treat- 
ment. 


~ ~~ 


Sigma Chemical Co., Lot 103C 2660. 
*Aerosol OT, Fisher Scientific Co., Lot 732561. 


Mallinckrodt Chemical Works, Lot WLJD. 
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portion of docusate anion and the negatively-charged aluminum hy- 
droxycarbonate surface. 


The adsorption of polyols, although occurring by hydrogen bonding 
rather than electrostatic attraction (10, ll), was also affected by the 
pH-ZPC relationship (Fig. 3). The extent of mannitol adsorption by ei- 
ther gel 1 or 2 is much less than was observed for the adsorption of the 
magnesium cation or the docusate anion, reflecting the weaker adsorption 
mechanism of hydrogen bonding in comparison to electrwtatic attraction. 
However, the fraction of mannitol adsorbed increased from -30% at pH 
conditions below the ZPC to 50% when the pH was above the ZPC. Hy- 
drogen bonding mcurs more readily when mannitol wrves as the proton 
donor and the negatively-charged oxygen at  the aluminum hydroxycar- 
bonate gel surface serves as the proton acceptor. This condition exists 
when the pH ie above the ZPC and coincides with the region of maximum 
adsorption of mannitol. . 


The results of this study suggest that the pH-ZPC relationship will 
provide a useful guideline for predicting adsorption reactions in the 
formulation of antacid dosage forms and may also be useful in predicting 
drug interactions arising from.the coadministration of drugs and alu- 
minum hydroxide-containing antacids. 
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TLC and GLC Determination of Aromatic Amine 
Impurities in Bulk p-Aminobenzoic Acid and in 
Its Potassium and Sodium Salts 


Keyphrases p-Aminobenzoic acid-aromatic amine impurities de- 
termined by GLC and TLC TLC-determination of aromatic amine 
impurities in p-aminobenzoic acid 0 GLC-determination of aromatic 
amine impurities in p-aminobenzoic acid 


To the Editor: 
The current USP monograph (1) for p-aminobenzoic 


acid lacks a requirement for limiting the amount of aro- 
matic amine impurities in the finished bulk drug. The 
carcinogenicity of these possible amine impurities 
prompted this laboratory to adapt the derivatization and 
GLC technique of Bruce and Maynard (2) to identify and 
quantitate these compounds. A TLC confirmatory test 
using a portion of the underivatized sample solution was 
also developed. 


A finely ground 5-g sample of bulk p-aminobenzoic acid 
or its salts, in a 50-ml stoppered centrifuge tube, was ex- 
tracted by shaking with 25 ml of benzene for 5 min. After 
centrifuging, the benzene layer was transferred to a sepa- 
rator and extracted with two 15-ml portions of 2% aqueous 
sodium bicarbonate. The aqueous layers were discarded, 
and the benzene layer was dried through anhydrous sodi- 
um sulfate. 


A 2-ml portion of the extract was derivatized in a sepa- 
rator with 25 pl of heptafluorobutyric anhydride. After 30 
min at room temperature, 10 ml of benzene was added, the 
organic layer was washed with three 10-ml portions of 
water, and the water was discarded. The benzene layer was 
diluted to 50 ml with benzene and 5 pl was injected into a 


gas chromatograph equipped with a 15-pCi e3Ni-elec- 
tron-capture detector, a 1.8 m X 4-mm i.d. spiral glass tube 
packed with 6% OV-101 and 9% OV-210 (1:l) coated on 
acid-washed silanized high-performance flux calcined 
diatomite support (100-120 mesh). Inlet, column, and 
detector temperatures were 225, 140, and 325”, respec- 
tively. Argon-methane (95:5) a t  a flow rate of 50 ml/min 
was used as the carrier gas. 


For TLC, 5 ml of the dried benzene sample extract was 
evaporated to 200 p1, and 20 pl was applied to  a silica gel 
GF plate. After 10-cm development with benzene-ethyl 
acetate-acetic acid (905:5), the plate was sprayed with 1% 
p -dimethylaminobenzaldehyde in ethanol containing 5% 
HC1. 


Table I lists the TLC Rf values for the 10 amines used 
in this study. The GLC retention times for the corre- 


Table I-TLC and GLC Data for 10 Aromatic Amines 


Amine 


Anilinee 
o-Toluidine 
p-Toluidine 
p-Chloroaniline 
2-Methyl-5-chloro- 


aniline 
Diphenylamine 
2-Chloro-&nitro- 


aniline 
Benzocainee 
p-Nitroaniline 
2-Methyl-5-nitro- 


aniline 


TLC” 
Rf Free 
Amine 


GLC * 
Retention 


Time, mine 


Approximate 
Nanograms for 


HSDd 
0.07 
0.28 
0.19 
0.42 
0.67 


0.85 
0.74 


0.45 
0.42 
0.55 


1.2 
1.7 
2.0 
3.1 
4.4 


11.9 
15.0 


16.8 
17.9 
26.0 


0.05 
0.10 
0.10 
0.10 
0.10 


0.80 
0.40 


0.40 
0.40 
0.40 


O 20 X 20 cm 0.25-mm thick silica gel GF plates, Mallinckrodt Chemical Works, 
St. Louis, Mo. Tracor 560, Tracor Inc., Austin, Ter. Heptafluorobut ic anhy- 
dride derivative. Nanograms for half-scale deflection (HSD) at  GLFdetector 
setting of 7 namp, and attenuation at 5. e Found in commercial samplea. 
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sponding heptafluorobutyric anhydride derivatives are 
also reported with the approximate nanogram amounts of 
the parent amine needed for half-scale deflection a t  the 
electron-capture detector settings. 


Eight samples of p-aminobenzoic acid, two samples of 
its sodium salt, and one sample of its potassium salt were 
analyzed in duplicate. Salt forms from three different lots 
contained no detectable aromatic amine impurities. Four 
of the acid samples contained benzocaine at  levels of 3-65 
ppm, while one sample of the acid contained 25 ppm of 
aniline. The TLC procedure confirmed the presence of 
both amine impurities. The derivatized samples were an- 
alyzed by GC-mass spectrometry and the mass spectral 
patterns of the samples matched those of derivatized 
standards of aniline and benzocaine. 


The presence of benzocaine as an impurity was unex- 
pected and cannnot be explained without knowledge of the 
synthesis process employed by the manufacturer. The 
aniline found in one sample could have been a contaminant 
of toluene used as a starting material for the synthesis of 
the p-aminobenzoic acid. The presence of aniline is sig- 
nificant because of its possible harmful effects on the 
body. 


In synthesizing p -aminobenzoic acid, the process usually 
starts with toluene, followed by nitration, reduction, and 
oxidation reactions. The reported analytical procedure will 
determine the primary aromatic amine impurities formed 
in the synthesis of p-aminobenzoic acid or its salts. The 10 
amines listed in Table I were added at  levels of 1-5 ppm 
to the uncontaminated lots of free acid and recoveries of 
90% or better were achieved using the derivatization 
technique. 


(1) “The United States Pharmacopeia,” 20th rev., Mack Publishing 
Co., Easton, Pa, 1980, p. 29. 


(2) R. B. Bruce and W. R. Maynard, Anal. Chern., 41,977 (1969). 
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The Antitumor and  Mammalian Xanthine Oxidase 
Inhibitory Activity of 5-Methyl-6-substituted 
Pyrrolo( 2,3-d)pyrimidine-2,4-diones 


Keyphrases Antitumor agents-potential, 5-methyl-6-substituted 
pyrrolo(2,3-d)pyrimidine-2,4-diones 0 Xanthine oxidase-potential 
inhibitors, 5-methyl-6-substituted pyrrolo(2,3-d)pyrimidine-2,4- 
diones 


To the Editor: 


Gout is a disease that is a consequence of hyperuricemia. 
The objective of drug therapy in gout is to ameliorate in- 
flammatory arthritis and to control serum urate concen- 
tration to <6 mg/100 ml. The two drug treatments cur- 
rently used to decrease urate levels are the blocking of uric 
acid renal tubular reabsorption with probenecid or sul- 
finpyrazone and to block the enzymatic activity of xan- 


Table I-The Xanthine Oxidase Inhibitory Constant (Kj) of 5- 
Methyl-6-substituted Pyrrolo(2,3-d)pyrimidine-2,4-diones and 
Allopurinol 


R “  


1.5 x 10-5 -CH3 
-c2H5 NA“ 
-CH2CH (CH& N A  
-C6H5 4.0 X 
-CH&jH5 N A  
-CHZC~H~-P-OH N A  
Allopurinol 8.0 X 


R refers to structure I1 in the text. Inhibitory constant. No activity. 


thine oxidase. This enzyme catalyzes the oxidation of hy- 
poxanthine to xanthine and xanthine to uric acid. 


Allopurinol (I) is used currently as a xanthine oxidase 
inhibitor. A series of substituted pyrrolo(2,3d)pyrimi- 
dine-2,4-diones (11) was synthesized (1) and tested for 
inhibition of xanthine oxidase activity. A drug as potent 
as allopurinol would provide an alternative therapy for the 
gout patient. 


The activity of buttermilk xanthine oxidase (1, 2) was 
measured in vitro by a previous method (2). [The activity 
of xanthine oxidase from humans is similar to that ob- 
tained from cow’s milk (2).] The assay was performed at  
pH 8.0 in 0.1 A4 sodium phosphate buffer. Allopurinol’, the 
pyrrolo( 2,3-d)pyrirnidine-2,4-diones7 and hypoxanthine2 
were dissolved in 0.1 M sodium phosphate buffer, pH 8.0. 
Uric acid production was monitored at  300 nm in a UV 
spectr~photometer~ at  36” after 1 pl(O.035 units) of xan- 
thine oxidase was added to each reaction mixture. The 
hypoxanthine concentration varied from 0.06 to 0.10 mM, 
and the inhibitor concentration varied from 0 to 5 X 10+ 
mM. The inhibitor constant ( K , )  for each drug was de- 
termined by using a Dixon plot where 1/Vr is plotted 
against inhibitor concentration (3). Allopurinol was used 
as the standard xanthine oxidase inhibitor. 


Table I lists the K ,  for allopurinol and the six pyr- 
rolo(2,3-d)pyrimidine-2,4-diones that were tested. Only 
two of the tested compounds showed any in vitro inhibi- 
tion. The phenyl substituted compound had the most ac- 
tivity but it was low compared to allopurinol. 


Because of the similarity of these compounds to normal 
purines, one compound, 5,6-dimethylpyrrolo(2,3-d)- 
pyrimidine-2,4-dione7 was tested for in vivo activity against 
two transplantable mouse lymphoid tumor systems: H-5 
ascites tumor4 in A/J male mice5 and L-1210 leukemia6 in 
B6D2F1 male mice5. 


OH 0 CH 


Sigma Chemical Co., Saint Louis, MO 63178. 
Gilford Model 222A Photometer. 
From Buttermilk, grade 111. 
A gift from Dr. J. Wynn, University of South Carolina. 
Jackson Laboratories, Bar Harbor, Ma. 
A gift from Dr. C. Bauguess, University of South Carolina. 
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Comparison of Effects of Cyanide and Acetylcholine on 
Renal Hemodynamics and Sodium Excretion 
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Abstract  0 The present study compared the effects of acetylcholine to 
cyanide under the same experimental conditions of renal clearance in 
anesthetized dogs. Since cyanide is one of the few drugs for which the 
mechanism of action is known (cytotoxic hypoxia), some insight may be 
gained into the renal effects of acetylcholine since both produce direct 
natriuresis and diuresis. Infusion of 0.2 pg/kg/min of acetylcholine and 
12.0 pg/kg/min of sodium cyanide into the left renal artery resulted in 
similar effects, i.e., increased fractional excretion of sodium, potassium, 
calcium, and magnesium. These effects were immediate and ipsilateral. 
Both agents increased the renal plasma flow to the same extent. In ad- 
dition, regression plots of the relation between changes in sodium ex- 
cretion and changes in renal plasma flow were similar for both agents. 
The pattern of similar renal functional changes suggested that acetyl- 
choline is not a mere renal vasodilator but that its action is also mediated 
through alterations on direct tubular transport of ions. 


Keyphrases 0 Hemodynamics, renal-effects of cyanide and acetyl- 
choline compared 0 Cyanide-effects on renal hemodynamics and so- 
dium secretion, comparison with acetylcholine Acetylcholine-effects 
on renal hernodynamics and sodium secretion, comparison with cya- 
nide 


May and Carter (1) showed that something other than 
simple vasodilation is responsible for the saluretic action 
of cholinergic drugs. When they infused cholinergic drugs 
into the renal portal system of chickens, there was an 
ipsilateral saluresis; however, noncholinergic drugs (iso- 
proterenol, papaverine, and dopamine) produced no sal- 
uresis despite similar renal vasodilation. 


BACKGROUND 


The prevalent conclusion has been that vasodilating agents induce 
changes in sodium excretion mainly by altering renal blood flow (2,3). 
Using autoperfused kidneys, no correlation was found between changes 
in renal perfusion pressure and changes in sodium excretion for either 
acetylcholine or isoproterenol (4). Itskovitz and Campbell (5) infused 
seven different vasodilators into isolated blood-perfused canine kidneys 
at constant pressure. Despite similar hemodynamic effects on renal blood 
flow, perfusion pressure, and intrarenal distribution of blood flow, their 
effects on glomerular filtration rate (GFR) ,  sodium excretion, and urine 
flow were dissimilar. Acetylcholine was by far the most natriuretic. Ele- 
doisin, one of the vasodilators examined, actually decreased sodium ex- 
cretion. 


Stein et al., (6) showed that acetylcholine (in micropuncture studies) 
decreased fractional and absolute sodium reabsorption in the proximal 
tubule. During this depression of proximal tubular reabsorption of so- 
dium, there was no redistribution of glomerular filtration to outer cortical 
nephrons. Hayslett et al. (7) ,  using a split-droplet method of micro- 
puncture, infused acetylcholine into the abdominal aorta of rats and 
obtained a natriuresis despite a 50% reduction of glomerular filtration 
and renal blood flow. However, they interpreted the natriuresis to be due 
to intrarenal hydrostatic pressure and extraepithelial physical factors. 


This study investigated renal vasodilation and the relation between 
hemodynamic and natriuretic changes by comparing intrarenal infusion 
of cyanide to that of acetylcholine. 


EXPERIMENTAL 


Materials and Methods-Five mongrel dogs were anesthetized with 
pentobarbital sodium, 30 mg/kg iv. Both ureters were cannulated through 


an abdominal midline incision, and the cannulas were positioned -2 cm 
below the ureteral pelvic junction. A femoral vein and artery were can- 
nulated, and the arterial cannula was connected to a transducer with a 
three-way stopcock for recording blood pressure with a polygraph. Ar- 
terial blood samples were obtained through the three-way stopcock. 


Solutions containing creatinine, p-aminohippurate, and normal saline 
were infused at a rate of 5 ml/min through the venous system using a 
dual-syringe constant-flow infusion pump. A 27-gauge hypodermic 
needle, attached to a number 10 polyethylene tube, was placed in the left 
renal artery in the direction of blood flow. Through this renal arterial 
system, a solution of isotonic sodium chloride was continuously infused 
a t  a rate of 0.1 ml/min. 


Solutions of drugs were also infused through the system a t  the same 
rate by changing the renal arterial infusate to one containing test drugs 
dissolved in normal saline. Both acetylcholine and sodium cyanide were 
infused into the same animal under the same experimental conditions. 
One to two hours was allowed for equilibration, and then collections of 
10-min urine samples from each kidney were begun. Blood samples, 
drawn every 20 min from the femoral artery, were heparinized and cen- 
trifuged, and the plasma was immediately removed. At least three control 
urine samples were collected before these agents were infused into the 
kidney. The order of drug infusion was altered in some experiments. 


Analysis-Chloride concentrations in urine and plasma were deter- 
mined using a titrametric chloridometer; sodium and potassium con- 
centrations in urine and in plasma were determined using a flame pho- 
tometer with an internal lithium standard; a modification of a previous 
method (8) was used in the creatinine determinations. p-Aminohippurate 
determinations were made using a reported method (9). Tubular maximal 
secretion rates of p -aminohippurate were obtained by infusing high 
concentrations intravenously and then subtracting the amount filtered 
from the total excreted (10). The osmolalities were determined by 
freezing-point depression. 


In addition to the electrolyte excretion rates, the glomerular filtration 
rates, the effective renal plasma flow, and the tubular rejection fraction 
of sodium were calculated. Calcium and magnesium were measured by 
atomic absorption spectrophotometry. Statistical methods for regression 
lines and significance of mean differences were taken from Snedecor 
(11). 


Table  I-Comparison of Intrarenal  Infusion of Acetylcholine to 
that of Sodium Cyanide" 


Acetylcholine, Sodium Cyanide, 
0.88 nmole/kg/min 0.25 pmole/kg/min 


Parameter Ab SE A SE 


V ,  1.03 f0.22 2.89 f0.72 
ml/min 
CO,,, 0.99 f0.24 2.48 f0.57 
ml/min 
GFR, 1.3 f1.8 3.0 f l . O  
ml/min 
CPAH, 11 f5.0 11 f3.8 
ml/min 
UNa+V! 145 f 3 2  359 f109 
pEq/min 
U K  v, 9 f 4  28 f 1 8  
pEq/min 
UCa2+ V ,  14 f 6  15 f 7  
pEq/min 
Urn$+ v, 4.0 f 2  3.8 f 1 . 2  
pEq/min 
All drugs were infused into the left renal artery. Each value is the mean change 


from five dogs obtained by subtracting the changes in the right, control kidneys 
from chan es in the left infused kidneys; A = (left kidney: drug period - control 
period) - fright kidneyidrug period - control). 
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(b) (d) 
Figure 1-Comparison of renal effects of cyanide and acetylcholine during injusion into the left renal artery. Key: - - -, left; -, right; m, acetylcholine 
bromide (0.2 pg/kglmin); and m, sodium cyanide (12.0 pgglkglmin). 


RESULTS 


The effects of acetylcholine and local hypoxia on renal function were 
compared during the infusion of 0.2 pg/kg/min of acetylcholine bromide 
and 12.0 pg/kg/min of sodium cyanide into the left renal artery of the 
same animal a t  different times (Figs. l a  and Ib) .  (Converted to a molar 
basis, the infusion rate would be 0.88 nmole of acetylcholine bromide and 
0.25 pmole of sodium cyanide/kg/min, respectively.) During the infusion 
of each drug, there were immediate ipsilateral increases in sodium, po- 
tassium, and calcium excretion, in osmolar clearance, creatinine clearance, 
p-aminohippurate (PAH) clearance, and urine flow. When either drug 
infusion was stopped, there was an immediate return to control values, 
even for cyanide. 


Both acetylcholine and cyanide actually increased p -aminohippurate 
secretion from the tubules (Fig. 2). 


The relationship between changes in sodium excretion ( U N a t V )  and 
changes in renal plasma flow (RPF) are shown in Figs. 3 and 4. The re- 
gression line for acetylcholine (Fig. 3) was UN,+V = 8.71 (RPF) + 29 with 
a correlation coefficient of 0.83 ( p  < 0.05); the regression line for cyanide 
(Fig. 4) was UNatV = 11.5 (RPF) + 44 with a correlation coefficient of 
0.89 ( p  < 0.05). Therefore, with the assumption of a linear relationship, 
cyanide produced the same effect as acetylcholine on sodium excretion 
and renal blood flow. 


T o  exclude systemic influences from direct renal effects during ace- 
tylcholine or cyanide infusion into the left renal artery, the data were 


arranged in Table I in the following manner: ( a )  mean changes in the 
excretion of fluid and electrolytes were calculated along with their re- 
spective standard errors; and (b )  each change was obtained by subtracting 
the changes in right, noninfused kidneys from the changes in left, ex- 
perimental kidneys. Both acetylcholine and sodium cyanide produced 
increased excretion of each electrolyte. 


DISCUSSION 
Both agents increased renal blood flow and increased tubular secretion 


of p-aminohippurate. The natriuretic effects of cholinergic drugs are of 
the muscarinic type inhibited by atropine (12, 13). Intrarenal infusion 
of the muscarinic agent bethanechol (12) produced natriuresis, which 
was unrelated to washout of the medullary concentration gradient. No 
correlation was shown (14) between sodium excretion and medullary 
blood flow when acetylcholine was infused into a renal artery. I t  was 
postulated (13) that cholinergic drugs produce saluresis by direct action 
on the renal tubule, but the influence of vasodilation could not be elim- 
inated. Cyanide, which is known to depress the energy from the electron 
transport system for active sodium reabsorption, also produces vasodi- 
lation. Vasodilation does not explain the natriuresis of cyanide and, 
therefore, may not explain the natriuresis of acetylcholine. Although a 
correlation between two variables does not prove a cause and effect re- 
lationship, this comparison of acetylcholine with cyanide does add in- 
direct evidence that acetylcholine acts directly on renal tubular sodium 
transport in some way. 
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Figure 2-Effects of intrarenal acetylcholine bromide and cyanide on 
tubular secretion of p-aminohippurate ( T m p ~ H )  Key: - - -, left; - right; 
m, acetylcholine bromide (0.2 figlkglmin); and m, sodium cyanide (12.0 
pglkglmin). 


The direct natriuretic effect of cholinergic agents was shown in chicken 
(12, 15) and dog (13, 16-18) kidneys. Some workers concluded direct 
tubular effects from micropuncture studies (6, 19); others interpreted 
the saluretic effect to be a result of intrarenal physical alterations due 
to hernodynamic changes from vasodilation (2, 3,7). However, papav- 
erine, a noncholinergic vasodilator, was found to be natriuretic in anes- 
thetized sheep but not in conscious sheep (20). In conscious sheep, there 
was an inverse relationship between sodium excretion and changes in 
renal blood flow. In fact, there was a reduction in sodium excretion from 
the conscious animals despite an increase in renal blood flow. Cholinergic 
agents were shown (1) to be natriuretic in chickens, but noncholinergic 
vasodilators were not natriuretic even though blood flow was increased. 
The natriuretic action of acetylcholine cannot be explained by a redis- 
tribution of blood flow to shorter cortical nephrons (6). 


The physiological importance of acetylcholine is an interesting question 
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Figure 3-Linear regression for changes in sodium excretion (UN~+V) 
and changes in renal plasma flow (RPF) during infusion of acetylcholine 
bromide into the left renal artery (y = bx + c, A U N ~ + V  = 8.71 (ARPF) + 29, Y = 172 f 47, E = 16 f 4, r = 0.83, and p < 0.0.5). 
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Figure 4-Linear regression for changes in  sodium excretion and 
changes in renal plasma flow (RPF) during infusion of sodium cyanide 
into the left renal artery (y = bx t c, A UN,+U = 11.5 (ARPF) + 44, 
= 254 f 14, 51 = 18 f 11, r = 0.89, and p < 0.05). 


since renal tubules were shown (21) to be directly innervated by auto- 
nomic nerves. In addition, the renal effects of acetylcholine are similar 
to cyanide, which inhibits aerobic metabolism equally in the renal cortex 
and outer medulla (10,22,23), resulting in natriuresis. Cyanide-induced 
natriuresis was one of the first observations relating sodium transport 
in the kidney to oxidative metabolism (24). Surprisingly, cyanide does 
not inhibit p-aminohippurate secretion (25); therefore, its clearance can 
be used to measure effective renal plasma flow. Cyanide also increases 
renal blood flow (23,261. 


In this study, the slopes of the lines for the function UN*+V = b(RPF)  
+ r ,  where b is the slope of the line and c is t hey  intercept for a line ( y  
= br + c), for acetylcholine and cyanide were not significantly different 
(Figs. 3 and 4), assuming linear regression. The pattern of electrolyte 
excretion was apparently the same for each drug, including that of sodi- 
um, potassium, calcium, and magnesium. Just  as cyanide acts on both 
the proximal and more distal portions of the nephron (23), so does ace- 
tylcholine according to micropuncture work (6). Therefore, i n  viuo 
comparison of acetylcholine and cyanide under identical clearance con- 
ditions in dogs substantiates that acetylcholine is not merely a vasodilator 
but either acts directly on tubular transport or increases the permeability 
and back-leak of sodium, causing a net increase in sodium excretion. 
There were increases in volume of urine flow, osmolar clearance, and 
excretion of potassium, calcium, and magnesium. Both acetylcholine and 
cyanide increased effective renal plasma flow. 
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Abstract  A stability-specific high-pressure liquid chromatographic 
(HPLC) method was developed to assay intact chlorambucil (I) in the 
presence of its hydrolytic decomposition products. The HPLC method 
was used to follow the degradation kinetics of I over pH 1.0-10.0 in the 
presence of various buffers with and without added chloride ion. In the 
absence of chloride ion, the hydrolysis of I followed first-order kinetics 
and the pH rate profile showed a sharp inflection around pH 2.5 attrib- 
utable to the ionization of the nitrogen mustard and a shallower inflection 
around pH 5.0 attributable to the ionization of the carboxylic group. The 
rate was pH independent over pH 6.0-10.0 and independent of buffer 
species in the absence of chloride ion. In the presence of chloride ion, the 
kinetics of I hydrolysis was still first order. However, the degradation 
half-life a t  a particular pH and buffer concentration increased linearly 
with chloride concentration. Kinetic evidence is presented to show that 
the mechanism of chloride stabilization involves the attack of chloride 
ion on the unstable cyclic ethyleneimmonium intermediate to give back 
I. Implications of the kinetic data obtained on the fate of orally admin- 
istered I are discussed. 


Keyphrases Chlorambucil-kinetics of hydrolysis, high-pressure 
liquid chromatography 0 Hydrolysis-chlorambucil, analysis of kinetics 
using high-pressure liquid chromatography 0 High-pressure liquid 
chromatography-analysis of chlorambucil hydrolysis kinetics 0 Ki- 
netics-chlorambucil hydrolysis, high-pressure liquid chromatog- 
raphy 


Nitrogen mustards were one of the first classes of cancer 
chemotherapeutic agents systematically studied, and they 
still are used clinically (1). Although the general mecha- 
nisms of hydrolysis and alkylation fqr nitrogen mustards 
are well known (1-6), little detailed kinetic data are 
available on their hydrolysis. One reason for the lack of 
comprehensive kinetic work on the mustards has been the 
lack of suitable stability-specific analytical methods. 


BACKGROUND 


Most early work on the kinetics of mustards was performed by esti- 
mating the amount of free chloride ion liberated. However, this indirect 
method of determining intact nitrogen mustards and subsequent kinetic 
analysis can lead to incorrect stability estimates (3). Furthermore, the 
stabilizing effect of chloride on mustard hydrolysis cannot be quantita- 
tively evaluated with this method. More recent reports (4,5) on the hy- 
drolysis of melphalan using stability-specific high-pressure liquid 
chromatography (HPLC) produced some useful information on the ki- 
netics of melphalen hydrolysis and on the effect of chloride ion on its 
stability. 


Chlorambucil (I), an aromatic nitrogen mustard, is considered stable 
enough to be administered primarily as an oral dosage form. However, 
there are no reported data on the stability of I over the G1 pH range a t  
37’. I t  was recently shown (3), using a stability-specific HPLC method 
for I, that the half-life of I degradation was only 25 min at  pH 3.0 and 37”. 
Since pH 3.0 is not unrealistic for the stomach, these data showed po- 
tential stability problems for orally administered I. Thus, a kinetic study 
of I hydrolysis over the pH range of the GI system seemed warranted. 


EXPERIMENTAL 


Materials-Chlorambucil USP reference standard was used for all 
kinetic studies. Water was double distilled in an all-glass apparatus, and 
glass-distilled solvents’ were used for HPLC. All other chemicals were 
reagent grade. 


Buffers-Citrate buffers (pH 2.0-7.0), acetate buffers (pH 3.5-5.51, 
phosphate buffers (pH 6.0-9.0), and borate buffers (pH 8.5-10.0) were 
prepared from the 0.25 M stock solutions of citric acid, acetic acid, mo- 
nobasic sodium phosphate, and boric acid, respectively, by the addition 
of sodium hydroxide solution to the desired pH. Addition of chloride ion 
was avoided except when specified. Ionic strength was maintained con- 
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Abstract The electrical conductivity effects of dispersed, coagulated, 
and flocculated systems were investigated using sulfamerazine powder, 
an insoluble, hydrophobic drug to prepare the suspension systems. For 
the dispersed systems, a peak in conductivity was observed a t  a drug 
concentration between 5 and 15%. The critical coagulating concentration 
was defined as the concentration of drug a t  which a maximum in specific 
conductance was observed. At  this concentration, a maximum number 
of charged particles were in the system. Coagulated suspensions showed 
higher conductance values than the dispersed systems a t  equivalent 
concentrations; however, the critical coagulating concentration value 
appeared to he the same. For flocculated suspensions there was an in- 
crease in conductance with drug concentration with no perceptible peak 
conductance value. 


Keyphrases 0 Conductivity-use in studies of suspension systems in 
different states of aggregation Aggregation states-electrical con- 
ductivity effects on dispersed, coagulated, and flocculated systems 
Suspension systems-electrical conductivity effects on dispersed, 
coagulated, and flocculated systems 


As defined in the United States Pharmacopeia (l), 
suspensions are preparations of finely divided, undissolved 
drugs in liquid vehicles. Insoluble particles dispersed in 
a liquid medium have large specific surface areas which 
render the suspension system thermodynamically unsta- 
ble. The particles tend to settle and form aggregates which 
have a reduced surface area and, thus, a decreased surface 
free energy. This results in a system of greater thermody- 
namic stability. Two types of aggregation are identified: 
coagulation and flocculation. Unfortunately, these terms 
are used frequently in the literature in a way that confuses 
the nature of the systems being described (2). 


Here, a dispersed system in water is described as con- 
sisting of primary particles acting as independent entities 
in the bulk water polar medium. The settling process, in 
general, is relatively slow with each particle settling sep- 
arately. 


In a coagulated system the aggregated particles, in- 
cluding adsorbed surface films, are in surface contact with 
each other and each aggregate of particles (coagula) acts 


as a unit. The particles are held together by film-film 
bonds. The interstitial water is structured and exhibits 
nonpolar behavior. Coagulated suspensions tend to form 
caked systems which can be difficult, if not impossible, to 
redisperse. 


In a flocculated system the aggregated particles are held 
together by one of several mechanisms: adsorption 
bridging, chemical bridging, or long-range Van der Waals 
forces (secondary minimums). The particles settle out as 
a “floc,” a loosely packed aggregate having a network-like 
structure. A hard cake does not form and the sediment is 
readily redispersed to the original suspension form. The 
water medium is bulk polar water. 


The classification of these systems was first reported by 
Ecanow et al. (3) and has since been referred to by others 
(4). The properties of dispersed, coagulated, and floccu- 
lated systems have been compared in terms of caking (5), 
sedimentation rate (6), rheology (3), gas adsorption (7), 
and filtration rates (8). In the present study, the electrical 
conductivity effects of these systems were investigated. 
Sulfamerazine powder, a hydrophobic drug, was used to 
prepare the suspensions, and docusate sodium (I), an an- 
ionic surfactant, rendered the drug particles hydrophilic 
in the formation of the dispersed and the coagulated sys- 
tems. Compound I and aluminum chloride were used to 
form the flocculated systems (9) of sulfamerazine parti- 
cles. 


EXPERIMENTAL 


Materials-Sulfamerazine’ was USP grade and ranged in particle size 
from 5 to 20 Fm. Docusate sodium2 USP was employed as the surfactant, 
and aluminum chloride3 NF served as the flocculating agent. All other 
chemicals were reagent grade and were used without further treat- 
ment. 


~ ~~ 
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Table I-Specific Conductance Values fo r  Dispersed and 
Aggregated Suspension Systems 


Suspension Conductance, mmho 
Concentration. Disoersed CoaRulated 


To( w/v ) Sistem System 


2 0.28 f 0.018n 0.34 f 0.013 
5 0.49 f 0.078 0.68 f 0.010 


10 0.62 f 0.016 0.82 f 0.013 
15 0.55 f 0.038 0.63 f 0.015 
20 0.49 f 0.075 0.58 f 0.015 
25 0.40 f 0.061 0.55 f 0.006 
30 0.36 f 0.052 0.52 f 0.015 
35 0.31 k 0.017 0.37 f 0.014 


Flocculated 
System 


1.19 f 0.103 
2.59 f 0.370 
4.10 f 0.346 
5.40 f 0.535 
6.30 f 0.770 
7.50 f 0.577 
8.25 f 0.500 
9.00 f 0.000 


a Mean value based on at least four determinations f SD. 


Apparatus-A conductivity apparatus4 designed for testing suspen- 
sion systems was used to measure the specific conductances of the sus- 
pension systems. 


Suspension Systems-Sulfamerazine dispersed suspensions and 
coagulated systems contained 2, 5, 10, 15, 20, 25, 30, 35% (w/v) sulfa- 
merazine. In each system the concentration of I was one-tenth the sul- 
famerazine content. 


In the flocculated systems the concentrations of sulfamerazine and I 
were the same as in the previous systems, but, in addition, the concen- 
tration of aluminum chloride in each system was equal to 5% that of the 
sulfamerazine content. 


The suspensions were prepared by weighing out the calculated amount 
of sulfamerazine powder and transferring the powder to a glass mortar. 
The appropriate volume of a 5% solution of I was added to the mortar and 
the mixture was triturated until a smooth slurry was formed. The slurry 
was then transferred to a 100-ml graduated cylinder with additional 
rinsings of the mortar using distilled water. Sufficient water was added 
to bring the volume to the 100-ml mark. For the preparation of the floc- 
culated suspensions, the same procedure was followed except that  the 
appropriate volume of a 20% aluminum chloride solution was added to 
the cylinder prior to filling to the mark with distilled water. The cylinder 
was then capped with a glass stopper, inverted, and agitated sufficiently 
to ensure both thorough mixing and the formation of a uniform initial 
suspension of the powder. 


The conductance of the initial suspensions (dispersed systems) was 
measured immediately by immersing the conductivity cell into each 
suspension system. The systems were then allowed to settle for 48 f 2 
hr before additional conductivity data were obtained. During the settling 
period, aggregation took place resulting in the formation of a coagulated 
system. Before the conductance reading was taken, the cylinder con- 
taining the coagulated system was agitated sufficiently to ensure dis- 
persion of the coagula. The conductivity of the dispersed system was then 
measured immediately. The flocculated systems were treated in the same 
manner as the coagulated systems. Conductivity readings were measured 
after thoroughly agitating the system to ensure redispersion of the floc- 
cules. 


RESULTS AND DISCUSSION 


Conductance data for all of the suspension systems are shown in Table 
I. The data for dispersed systems were analyzed statistically by the 
Student t test. The t value was 4.131 corresponding to a p value of < 
0.005, indicating that conductance is dependent on concentration. 
Analysis of the data for the coagulated systems by the Student t test 
produced a t value of 4.102, which corresponds to a p value <0.005. The 
t value obtained for the flocculated suspensions by comparing concen- 
tration with the mean conductance value was 2.837, which corresponded 
to a p value <0.01. 


I t  was the purpose of this study to observe the electrical conductivity 
properties associated with different states of suspension aggregation and 
to note the effect of variable concentration of an insoluble drug on the 
electrical conductivity of each suspension system. Specific conductance, 
rather than equivalent conductance, was determined since it is a measure 
of conductance capacity of all ions present in a unit volume of solution 
and thus, varies with concentration. 


Soh Bridge Soil Tester, Beckrnan Instruments, Inc., Model RD-B15, Ser. 
21034. 


The system can be described as follows: The sulfa- 
merazine powder is in the paracolloid particle size range (5-20 Fm). 
Compound I, an anionic surfactant, acts by coating the insoluble drug 
particles and converting them to hydrophilic particles (9). Therefore, each 
particle has a negative charge and is surrounded by its own ionic atmo- 
sphere. Closely associated with the hydrophilic particles are water mol- 
ecules from the suspension medium. Sodium ions of I balance the nega- 
tively charged particles. Compound I molecules are present in the system 
as individual ionic species and as micelles, since the critical micelle con- 
centration for I is about 0.07% at 25’. This concentration was exceeded 
in all suspensions prepared in this study. 


I t  is evident that, for the dispersed suspension system, the conductivity 
increases with drug concentration a t  low concentrations of drug. This is 
expected because the number of charged particles in the system has in- 
creased. However, a t  some concentration between 5 and 15% a peak in 
conductance is reached after which the conductance values decrease with 
increasing drug concentration. This may be explained by the fact that 
after a peak value is reached, the charged particles begin to aggregate by 
forming associated particles, or coagula, which results in fewer, but larger, 
charged species. Because the actual number of charged particles is de- 
creased, the specific conductance will be lower. The concentration of drug 
in a dispersed or coagulated system a t  which the specific conductance 
is a maximum is the critical coagulating concentration. At this concen- 
tration there is a maximum number of charged particles in the system 
which accounts for the maximum in specific conductance. 


The coagulated suspensions behaved similarly to that of the dispersed 
systems. The conductance values for the coagulated systems were con- 
sistently higher than the corresponding dispersed systems (Table I). Since 
the coagulated suspensions consist of fewer and larger charged particles, 
it would be expected that the specific conductance would be lower than 
in the dispersed systems (as noted previously in connection with the effect 
of drug concentration on the conductivity in the dispersed systems). One 
possible explanation of this behavior is that because the water in the 
film-film bonds of the coagula is highly structured (nonpolar) (lo), 
electrolytes are squeezed out of the films, thus increasing the concen- 
tration of charged species in the polar aqueous medium of the supernate. 
This, in effect, produces higher conductance values for the coagulated 
systems. 


The data for the flocculated systems show an almost direct linear re- 
lationship between conductance and drug concentration. This is in 
contradistinction to that observed for the dispersed and coagulated 
systems. In a separate study, a similar relationship was observed with 
only aluminum chloride and I (the sulfamerazine was excluded). Ap- 
parently, the aggregation state of the suspended particles does not affect 
the conductance of the flocculated system. In this system each suspended 
drug particle behaves independently. The precise nature of aluminum 
ion participation in the flocculation process was reported previously (9) 
and first identified as a chemical bridging reaction. 
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mers (0.84 mM), and in each case a 30 A4 excess of (S,S)-IV or (S)-I. The 
reactions were performed in screw cap sealed, polytef-lined reaction vials 
which were heated to  75-100’ for 1-4 hr in a block heater. A t  the end of 
the reaction, the mixtures were washed with 0.2% NaOH (50 pl) followed 
by 0.5% HCl(50 pl) and then dried over sodium sulfate. The solutions 
were carefully transferred with the aid of a Pasteur pipet to a second 
reaction vial and the solvent removed under a stream of dry nitrogen. The 
residues were dissolved in 100 j11 of toluene, and 1 p1 of the resulting so- 
lution was analyzed by GC. Retention times for (S,S)-XIV and (S,R)I 
(R,S)-XV were 16.8 and 19.2 min, respectively. Derivatization of ( S ) -  
a-methylbenzylamine with (S,S)-IV and (R,S)-V proceeded in a similar 
fashion. GC retention times for (S,S)-VII and (S,R)-VIII were 15.5 and 
13.3 min, respectively, using the same conditions as for the ketamine 
analyses. 
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Abstract The sweet compounds 2-methyl- and 3-methylcyclohexyl- 
and 2-cyclohexenylsulfamates were fed to Wistar albino rats. The urine 
(and feces in the case of 2-cyclohexenylsulfamate) was examined for 
possible amine, ketone, and alcohol metabolites. The total percent of 
metabolites formed was low and the hexenyl compound gave a particu- 
larly small quantity of metabolite. The results with these compounds are 
compared with those obtained from earlier in uiuo studies with cyclamate 
and other sulfamates. In complementary in uitro studies, the four 
sweetest sulfamates, namely, cyclamate, cycloheptyl-, cyclooctyl-, and 
cyclopentylsulfamates were incubated with the cell-free extract of bac- 
teria isolated from the feces of cyclamate fed rats. Some correlation was 
apparent between these in uitro experiments and previous in uiuo studies. 
Preliminary mutagenicity testing (the Ames test) of some amines (cor- 
responding to the sulfamates studied) has been carried out. 


Keyphrases 0 Sulfamate sweeteners-in uiuo and in uitro studies of 
amine, ketone, and alcohol metabolites Metabolism-amine ketone, 
and alcohol metabolites of sulfamate sweeteners 0 Cyclamates---in uiuo 
and in uitro studies of amine, ketone, and alcohol metabolites 


The controversial ban on the use of cyclohexylsulfamate 
(cyclamate) salts as nonnutritive sweeteners has provided 
a strong impetus for wide and varied toxicity studies of 
these compounds and their metabolites (1). Though at 
least some other sulfamates have a sweetness potency 
similar to the banned parent compound (2), and it has been 
suggested that certain of these sulfamates might be less 
readily metabolized than is cyclamate (3), nevertheless 
toxicological studies have been carried out on just a few 
such compounds (4). In the present work, in uiuo animal 
feeding studies employed three other sweet sulfamates: 2- 
and 3-methylcyclohexyl- and 2-cyclohexenylsulfamates. 
In a complementary in uitro study, some of the sweetest 
known sulfamates have been incubated in cell-free extracts 


of the microorganisms responsible for the metabolism of 
cyclamate. Some work has been carried out on the muta- 
genicity of the amines to which these sulfamates give rise 
when metabolized. 


EXPERIMENTAL 


Reagents and Chemicals-The amines, ketones, and alcohols were 
commercially available and were used as obtained. The following com- 
pounds were synthesized by known literature methods: 2-methylcyclo- 
hexanol(5), cyclohexyl- (6), 2-methyl- (6), 3-methyl- (6),2-cyclohexenyl- 
(7), n-octyl- (8), and phenyl- (9) sulfamates. Cyclopentyl-, cycloheptyl-, 
and cyclooctylsulfamates were previously prepared (4). All the synthe- 
sized sulfamates (as their sodium salts) gave a positive “sulfamate test” 
(2), satisfactory C, H, and N analysis, and the characteristic IR bands for 
sulfamates. 2-Cyclohexenylsulfamate gave an additional band in the 
1640-1615 cm-’ region, which is characteristic of an ethylenic double 
bond. 


In Vivo Experiments-Female Wistar albino rats (200-257 g) were 
kept on solid food and water in rat metabolism cages’. The sodium salts 
of 2- and 3-methylcyclohexyl- and 2-cyclohexenylsulfamates were ad- 
ministered orally in water (-20 ml) a t  a level of 1.45 g/kg of body weight 
to groups of six rats (five in the case of 2-methylcyclohexylsulfamate). 
Prior to administration of the sulfamates, the rats were deprived of water 
for 24 hr. Prior to  feeding, the urine of each rat was examined for me- 
tabolites by GLC. Similarly, the three sulfamates fed were screened for 
occluded amine, also by GLC. After administration of each sweet com- 
pound, the urine (and feces in the case of 2-cyclohexenylsulfamate) was 
collected for 3 days, bulked, and refrigerated for no more than 1 day when 
GLC analysis for the metabolites was carried out. 


The urine and feces recovered from rats, fed 2-cyclohexenylsulfamate, 
was not analysed until the eighth day (instead of the customary fourth 
day), and accordingly, a study of the stabilities of 2-cyclohexenylamine 
and 2-cyclohexenone in urine and feces over a 7-day period was made. 
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Table I-Percent Recovery of 2-Methylcyclohexylamine, 2- 
Methylcyclohexanone. and 2-Methylcyclohexanol from Urine 


Table 11-Percent Recovery of 3-Methylcyclohexylamine, 3- 
Methylcyclohexanone, and 3-Methylcyclohexanol from Urine 


Amine Ketone Alcohol 
bE2 % Pug % bug % 


0.015 68.7 0.02 88.0 0.028 81.5 
0.03 83.0 0.05 90.3 0.056 86.0 
0.10 100.5 0.10 95.6 0.08 91.0 
0.10 99.0 0.10 96.3 0.10 98.5 
0.15 86.3 0.15 87.0 0.10 96.3 
0.2 93.5 0.20 91.5 0.14 89.3 
0.25 95.6 0.20 93.0 0.17 85.1 
0.25 98.5 0.25 99.0 0.17 97.3 
Mean 90.64 92.58 90.63 
fSE f8.41 f3.38 f5.15 


The two metabolites were added individually to samples of rat urine and 
feces, and these samples were then refrigerated for 7 days, worked-up, 
and analyzed in the same manner as the actual samples from the feeding 
experiments. 


General Work-Up Procedure, Standardization, and GLC Anal- 
ysis-The details for other sulfamates have been reported previously 
(4). Analogous procedures and methods were employed for the three 
sulfamates. The GLC conditions were as follows. 2-Methylcyclohexyl- 
sulfamate metabolites: column temperature, 117’; gas flow rates, nitro- 
gen, 60 ml/min, hydrogen, 60 ml/min, and overall (including air), 500 
ml/min; retention times (rnin), 2-methylcyclohexylamine (4.5), 2- 
methylcyclohexanone (6.7), 2-methylcyclohexanol (lO.l), and 4-meth- 
ylcyclohexanol (internal standard) (12.6). 3-MethylcycIohexylsulfamate 
metabolites: column temperature and flow rates, as described previously; 
retention times (rnin), n-undecane (internal standard) (3.8),3-methyl- 
cyclohexylamine (4.6), 3-methylcyclohexanone (7.2), and cis- and 
trans- 3-methylcyclohexanols (10.5 and 11.7, respectively). 2-Cyclohex- 
enylsulfamate metabolites: column temperature, 107’; gas flow rates were 
identical with those described previously; retention times (rnin), n-  
dodecane (internal standard) (ll.O), 2-cyclohexenone (16.5), and 2-cy- 
clohexenylamine (18.6). The lengthy retention times involved in the latter 
analysis could not be shortened on the column (4). This is because a rise 
in the temperature tended to cause the cyclohexenyl metabolite peaks 
to merge. The GLC conditions for analysis of the sulfamate metabolites 
used in the in uitro experiments have been described previously (4), ex- 
cept in the case of n-octyl- and phenylsulfamates. The following are the 
GLC conditions for the determination of the metabolites of these two 
sulfamates. n -0ctylsulfamate metabolites: column temperature, 130’; 
nitrogen gas flow rate, 150 ml/min; retention times (min); n-octylamine 
(6.4), tridecane (internal standard) (9.61, and n-octanol(l9.5). Phenyl- 
sulfamate metabolites: column temperature and nitrogen flow rate as 
for n -octylmetabolites; retention times (min), aniline (3.8), tridecane 
(internal standard) (9.6), and phenol (31.0). 
In Vitro Experiments-Isolation of Organisms and Preparation of 


Cell-Free Extracts-wistar albino rats were fed cyclohexylsulfamate 
at  the rate of 2 g/week for a 10-week period. The urine was tested for the 
presence of cyclamate metabolites, i.e., cyclohexylamine, cyclohexanone, 
and cyclohexanol, using solvent extraction and identification by GLC 
(10). When a rat was consistently breaking down cyclamate to its me- 
tabolites, the feces were then used for the isolation of the microorgan- 
isms. 


A nutrient broth agar containing 1% cyclohexylsulfamate was inocu- 
lated with a sample of fecal material, allowed to grow overnight, and 
transferred to a larger volume the following day. The bacteria were grown 
in a shaking incubator for 5 days after which they were harvested by 
centrifugation. The pellets were resuspended in a small volume of tro- 
methamine-hydrochloride buffer, pH 7.2, and lysed by sonication. 


Incubation Procedure and Analysis for Metabolites-Two milli- 
liters of cell-free extract were incubated with 200 pmoles of test sulfamate 
in 2 ml of 0.1 M phosphate buffer, pH 6.8, for 2 hr a t  50’. The reaction 
was stopped by adding 1 ml of 10 N NaOH followed by 4 ml of 20% sul- 
fosalicylic acid. 


The incubation mixture was extracted three times with 20-ml volumes 
of methylene chloride. The methylene chloride extracts were bulked and 
evaporated to dryness and the residue reconstituted with 1 ml of meth- 
ylene chloride. Analysis for metabolites was then carried out using the 
procedure described previously. The incubation studies were carried out 
over a 2-hr period at  50°, pH 6.8, and were the conditions under which 
the enzymes present in the cell-free extract displayed maximum activity. 
The variations of enzyme activities with temperature, pH, and incubation 
time were determined in separate experiments. 


Mutagenicity Testing-Amines were tested for their ability to cause 


Amine Ketone Alcohol 
Pg % 1.18 % Pg % 


0.05 73.5 0.01 105.7 0.05 75.6 
0.15 85.6 0.02 78.6 0.15 89.1 
0.25 105.3 0.03 79.8 0.25 93.0 
0.25 96.5 0.10 98.6 0.40 98.0 .. . 


0.45 103.0 0.10 102.5 0.40 89.1 
0.70 98.4 0.20 97.8 0.60 103.5 
1.20 99.0 0.30 95.4 0.80 98.2 
Mean 94.47 94.06 92.36 
fSE f8.53 f8.49 f6.65 


base-pair substitution mutations using the mutant strain of Salmonella 
typhimurium T A  1535, according to the method described previously 
(11). Fifteen micrograms of the test substance contained in 0.1 ml of water 
was used in each case and 2-aminofluorene was used as a standard. 


The mixed oxidase S-9 mixture was not used because the compounds 
under test were already presumed metabolites. 


RESULTS AND DISCUSSION 


In the present paper the three compounds, %methyl- and 3-methyl- 
cyclohexyl- and 2-cyclohexenylsulfamates, were administered as their 
sodium salts to rats. These studies extended previous studies in which 
sulfamates other than the “parent” sweet sulfamate, cyclohexylsulfamate 
(cyclamate), were fed to animals and the urine examined for breakdown 
products (4). Prior to administration of the three compounds in the 
present study, standard curves and percent recoveries of likely metabo- 
lites were determined using procedures established in earlier work (4). 
In Tables 1-111, percent recoveries for metabolites of 2-methyl- and 3- 
methylcyclohexyl- and 2-cyclohexenylsulfamates are seen to be satis- 
factory. It should be noted that in general the quantities in micrograms 
used in the determination of the percent recoveries are in the same range 
as the amounts of metabolites found in the feeding experiments. 


In other preliminary experiments, the sulfamates given to the animals 
were screened for small occluded amounts of metabolite(s) and the urine 
(feces in one instance) of the rats to be fed was screened for metabolites. 
Since i t  was not possible to examine the urine/feces of the rats that were 
fed 2-cyclohexenylsulfamate for 7 days after administering the sweetener, 
a study of the stabilities of 2-cyclohexenylamine and 2-cyclohexenone 
in urine/feces was made over a 7-day period. The stabilities of the two 
compounds, reported as percent survival, is excellent (Table IV). Samples 
of 2-cyclohexenols were not available but it appears unlikely that they 
were products of the metabolic cleavage of 2-cyclohexenylsulfamate. 


The aim of the in uiuo study was to examine the effect of introducing 
a substituent or double bond on metabolic breakdown of cyclohexylsul- 
famate. If metabolic breakdown was decreased, then the risks associated 
with cyclamate ingestion should be reduced. The first compound ad- 
ministered was 2-methylcyclohexylsulfamate. Table V shows that this 
compound was broken down by all rats to the metabolites 2-methylcy- 
clohexylamine and/or 2-methylcyclohexanone. None of the rats in this 
group gave alcohol metabolites. In this work, as previously (41, the percent 
conversion to a particular metabolite is defined as the amount of me- 
tabolite found (milligrams) divided by the amount of sulfamate fed 
(milligrams) multiplied by a hundred times the ratio of the molecular 
weight of the sulfamate to that of the particular metabolite. In this in- 
stance, the mean percent conversions to amine and ketone are 0.00013 
and 0.00067, respectively. In the case of the study with 3-methylcyclo- 
hexylsulfamate, the mean percent of 3-methylcyclohexylamine, 3- 
methylcyclohexanone, and 3-methylcyclohexanol formed were 0.014, 
0.0002, and 0.0098, respectively (Table VI). After administration of 2- 
cyclohexenylsulfamate, only two rats in the group of six were found to 
be converters, and interestingly, these two rats gave amine only (mean 
percent, 0.00017) with no metabolites in their feces (Table VII). It was 
not possible to check positively for the presence of 2-cyclohexenols, since 
these compounds were not available. However, from experience it was 
felt that the retention time(s) of this alcohol(s) should be fairly close to 
that of the corresponding amine and ketone, but no traces were obtained 
in the vicinities of the peaks due to these metabolites, nor did any traces 
appear when the chromatograph was run 29 min, i .e.,  10 min after the 
appearance of the last peak. 


Table VIII gives the mean percent and the percent total metabolites 
found in in uiuo studies with the three sulfamates of the present study, 
five sulfamates previously administered to rats and, for comparison, some 
typical data for cyclohexylsulfamate. 
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Table 111-Percent Recovery of 2-Cyclohexenylamine and  2-Cyclohexenone from Urine and Feces 


Feces 
Amine Ketone 


PLR % % 


1.5 
4.0 
6.0 
6.0 
7.0 


101.7 
139.0 
99.3 


105.2 
98.3 


8.0 100.8 
Mian io7.4 
fSE 510.55 


2.0 
3.0 
4.0 
6.0 


10.0 


97.9 
73.1 


103.0 
86.5 


104.2 


92.94 
f10.5 


1.5 
4.0 
6.0 
7.0 
8.0 
8.0 


76.2 
93.9 
99.2 
93.7 


106.4 
97.6 
94.5 
f6.35 


2.00 
5.00 
7.5 


60.5 
68.5 
71.3 


8.5 86.2 


Table IV-Stability of 2-Cyclohexenylamine and 2-Cyclohexenone in Urine and  Feces over a 7-Day Period 


Urine Feces 
Amine Ketone Amine Ketone 


Sample Added, pg Survival, % Sample Added, pg Survival, % Sample Added, f ig Survival, % Sample Added, pg Survival, % 
~~ 


5.8 99.0 7.2 83.5 5.8 92.5 7.2 71.5 
5.8 96.5 7.2 90.2 5.8 86.4 7.2 85.2 
5.8 90.3 7.2 104.3 5.8 98.2 1.2 87.2 
Mean f SE 95.3 f 3.3 92.7 f 7.8 92.4 f 4.0 81.3 f 6.5 


Table V-Metabolism of 2-Methylcyclohexylsulfamate in  Rats 


Metabolites 
2-Methylcyclohexylamine 2-Methylcyclohexanone 2-Methylcyclohexanol 


Animal Number mg % mg % me % - 1 


1 0.0016 0.000 12 0.00012 0.00009 None 0 
2 0.00049 0.00037 None 0 None 0 
3 None 0 0.0031 0.0024 None 0 
4 0.00013 0.0001 0.0005 0.00036 None 0 
5" 0.00007 0.00007 0.0004 0.00048 None 0 
Mean 0.00017 0.00013 0.00082 0.00067 
fSE  f0.00013 f0.00009 f0.0009 f0.00069 


% Total Metabolites 


0.00021 
0.00037 
0.00024 
0.00046 
0.00055 
0.00037 


f O . O O O 1 l  
~ ~~~~ 


Fed only 0.17 g instead of 0.26 g, based on 1.45 g/kg body weight. 


Table VI-Metabolism of 3-Methylcyclohexylsulfamate in  Rats 


Metabolites 
3-Methylcyclohexylamine 3-Methylcyclohexanone 3-Methylcyclo hexanol 


Animal Number mg % mg % mg % % Total Metabolites 


l a  0.013 0.014 None 0 0.026 0.028 0.042 
2 0.01 0.008 None 0 None 0 0.008 
3 0.062 0.03 None 0 0.049 0.027 0.057 
4 0.066 0.03 None 0 None 0 0.030 
5 None 0 0.00246 0.0012 0.008 0.004 0.0052 
6 0.006 0.003 None 0 None 0 0.003 
Mean 0.026 0.014 0.00041 0.0002 0.0138 0.0098 0.0242 
f S E  f0.025 f O . O 1 l  f0.0158 f0.012 f0.0188 


a Rat 1 received approximately half the amount of sulfamate. 


Table VIII shows that the degree of metabolic cleavage by rats of 
various types of sulfamates is low, being generally <0.1%. Since the 
number of rats involved in each of the feeding studies was small, i.e., five 
or six, any deductions made from the results in Table VIII regarding the 
relative stability of sulfamates would be tenuous. However, i t  seems that 
cyclooctylsulfamate, which gives rise to all three metabolites, is cleaved 
to a somewhat greater extent than the other sulfamates. On the other 
hand, the introduction of a double bond into the cyclohexyl system, i.e., 
in 2-~yclohexenylsulfamate, appears to reduce metabolic breakdown 
considerably. This latter compound has a comparable level of sweetness 
to cyclamate (7). Interestingly, when the closely related and sweet 3- 
cyclohexenylsulfamate was administered intraduodenally for 2 weeks 
to rats a t  a dosage of 1 g/kg of body weight, no pathological changes in 
the main organs or tissues could be detected (7). 


One of the sulfamates in Table VIII is not sweet; however, on the basis 
of a previous cursory examination, it was taken to be sweet (4). On careful 
examination it was classified as being bitter (13). Unterhalt and Bos- 
chemeyer (14), who first made this compound, also reported it as being 
nonsweet. 


Complementary to the in uiuo studies, a series of in uitro experiments 
have been carried out. In this study, the microorganisms responsible for 
the metabolism of cyclamate were isolated from the feces of rats fed cy- 
clamate. A cell-free extract of these organisms was then incubated with 


the four sweetest known sulfamates and two standards to ascertain the 
extent to which these compounds were broken down to potentially toxic 
metabolites. 


Earlier work (15) showed that dogs And humans fed on cyclamate 


Table VII-Metabolism of 2-Cyclohexenylsulfamate in Rats  


Metabolites 
2-Cyclo- 


2-Cyclohexenylamine hex e n o n e 
Animal Number mg % mg % 


1 
2 
2a 
3 
4 
40 
5 
6 
Mean 
fSE 


None 0 


Trace 0 
None 0 


Trace 0 
None 0 
None 0 


0.00047 0.00036 


0.00083 0.00068 


0.00022 0.00017b 
310.00028 4~0.00023 


None 
Trace 
Trace 
None 
Trace 
Trace 
None 
None 


Results for feces. * The mean was obtained by dividing the summation of the 
percent of metabolite in the urine by 6. 
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Table VIII-Metabolism of Sulfamates in  Rats  


Percent Metabolitesa Total 
Cvclic Sulfamate Amine Ketone Alcohol Metabolites, % Reference 


Octyl 0.127 0.08 0.092 0.297 4 
Heptyl 0.0514 0.0088 0.0034 0.064 26 
HexylC 0.0096 0.00095 0.004 0.0146 12 


4-Methylhexyl 0.0073 0.0013 0 0.0085 4 


Pentyl 0.057 0.016 0.0087 0.083 Id 
Pentylmethyl 0.007 - e  0.007 0.0144 3/ 


2-Methylhexyl 0.00013 0.00067 0 0.00037 This work 
3-Methylhexy l 0.014 0.0002 0.0098 0.0242 This work 


2-Hexenyl 0.00017 0 0 0.00017 This work 


These percents were calculated by summing the percent metabolite for each rat, summing the totals, and dividing by the number of rats in each study. * Reference 
2 in (4). c The figures for hexyl were obtained from data on six rats (2 roups of 3). The percent total metabolites represents the total for amine, ketone, and alcohol. In 
Ref. 12 the authors also detected “conjugated” cyclohexanol as a meta%olite, so their total differs slightly. Reference 1 in (4). A ketone metabolite is not possible for 
this compound. I Reference 3 in (4). 


produced large quantities of a metabolite, cyclohexylamine, in their urine. 
I t  was considered that this compound was the carcinogen, and it seemed 
likely that the conversion from cyclohexylsulfamate to cyclohexylamine 
was carried out by processing enzymes in the liver. Attempts to verify this 
in uitro study, however, met with little success (16). 


The formation of cyclohexylamine and cyclohexanone from cyclamate 
by microorganisms isolated from guinea pig feces was demonstrated 
previously (17). This work was followed up by carrying out a partial pu- 
rification of the enzyme involved, cyclohexylsulfamatase (18). The sub- 
strate specificity of the partially purified enzyme using several other 
sulfamates, which were generally not sweet, was also examined. 


These studies subsequently partially purified and examined the 
properties of cyclohexylamine oxidase, which is the next enzyme in the 
metabolic sequence (19): 


C - - - N H s o 3 N a  - 0 NH, -+ Go 
cyclohexylsulfamate cyclohexylamine cyclohexanone 


Biochemical tests for Gram-negative enteric bacteria were first carried 
out on the bacteria whose cell-free extract carried out the sulfamatase 
function. These tests included indole production; hydrogen sulfide pro- 
duction; liquefaction of gelatin; cleavage of sugars, alcohols, and glu- 
cosides; and methyl red Voges Proskauer tests. The results of these tests 
indicated the presence of Escherichia coli, Enterobacter hafniae, and 
Proteus rnirabilis. Pure cultures of these organisms were grown and 
cell-free extracts incubated with cyclohexylsulfamate, but it was found 
that greater activity was observed when a mixed culture was used. 


A series of investigations was carried out to determine the optimum 
conditions for assay of enzyme activity. The variation in crude enzyme 
activity in relation to temperature, pH, and time of incubation was in- 
vestigated and as a result, it was decided to adopt the incubation condi- 
tions as outlined previously: pH 6.8 for 2 hr at  50’. 


Partial purification of the enzyme by ammonium sulfate fractionation 
(18) resulted in greatly reduced activity. Therefore, it was decided to 
conduct the studies using the crude enzyme extract. I t  has also been re- 


I I 
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Figure 1-Lineweaver-Burk plot  for cyclohexylsulfamate. 


Table IX-Sulfamate Specificity of the Enzyme Extract  and 
Mutagenicity (Ames Test) of the Corresponding Amines 


N-Substituted Relative Relative Mutagenicity of 
Sulfamate Activity Sweetnessb Parent Amine‘ 


0.02 
- d  


- - d  n-Octyl 6.4 
Cyclohepty 1 0.52 0.83 - d  


Cyclopentyl 0.50 0.24 0.006 
Cyclooctyl 0 0.67 - d  


Total breakdown was 0.5%. * Data taken from Ref. 2; no values indicate not 
Zero or 


Cyclohexyl l a  1 
Phenyl 5.3 - 


sweet. c Compared to standard 2-aminofluorene which is equal to one. 
negligible. 


ported (18) that heat treatment of the crude enzyme extract (60’ for 10 
min) inactivates heat labile enzymes which are responsible for further 
degradation of cyclohexylamine, while leaving the heat stable sulfamatase 
unaffected. However, experience showed that the sulfamatase itself is 
largely inactivated by this procedure so it was not adopted. Consequently, 
the crude enzyme extract was used in the incubation studies. 


In Table IX the results of incubation of various sulfamates with this 
enzyme extract are shown relative to cyclohexylsulfamate. The activities 
are computed as the sum of metabolites, i.e., amine, alcohol, and ketone. 
Since it was found that n-octylsulfamate (which is not sweet) was the 
most labile substrate examined (18), this compound was included in the 
present study to assess the activity of the enzyme extract. As can be seen 
from Table IX, the enzyme extract was also highly active against this 
substrate, giving a relative activity of 6.4 as compared to cyclohexylsul- 
famate. 


Phenylsulfamate was also included as another standard and it was 
found that it too was quite labile, in contrast to previous results, which 
indicated that the enzyme had only a very weak or uncertain activity on 
this substrate. It was confirmed that this breakdown was not due to im- 
purities in the sulfamate and/or nonenzymatic hydrolysis. This was done 
by incubating the buffered substrate in the absence of the enzyme extract 
when no aniline or phenol was detected. 


A variety of sulfamates was incubated previously (18), but apart from 
cyclohexylsulfamate, only two faintly sweet sulfamates, n-propyl- (2) 
and ac-tetrahydro-@-naphthyl(6) sulfamates, were included in the study. 
For the current incubation experiments, the four sweetest known sul- 
famates, cyclohexyl-, cycloheptyl-, cyclooctyl-, -4 cyclopentyl-, were 
incubated. Relative to cyclohexylsulfamate, all three had less activity. 
There was a partial correlation between the in uiuo results in Table VIII 
for these four compounds and the in uitro results for the sulfamates in 
Table IX. Thus, in both types of experiments the heptyl- and pentyl- 
compounds were metabolized -50% that of cyclohexylsulfamate. In the 
case of cyclooctylsulfamate, the results from the in uiuo and in uitro 
studies contradict each other. The Michaelis constant (Km) for the en- 
zyme with cyclohexylsulfamate was determined using a Lineweaver-Burk 
plot (Fig. 1) and was found to be 1.7 X M. This indicates a three 
times greater affinity between enzyme and substrate than that reported 
previously (18). 


In Table IX, preliminary studies on the mutagenicity of the amines 
of the sulfamates which were incubated are reported. The amines of all 
the sulfamates reported in Table IX show zero or negligible mutagenic 
activity [in the case of aniline this result was already established (20)]. 
The amines, isobutylamine and isoamylamine, both of whose sulfamates 
are moderately sweet (compared to cyclamate) (2), also show negligible 
mutagenicity, hut n-butylamine, whose sulfamate is faintly sweet (2). 
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appeared to be mutagenic (60 revertants/l5 pg). I t  should be stressed, 
however, that these are preliminary studies and would have to be con- 
firmed using other tester strains of Salmonella typhimurium. 
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Abstract a A radioimmunoassay for the quantitation of meobentine 
sulfate, a novel antidysrhythmic and antifibrillatory agent in biological 
fluids, is described. Antisera were raised in rabbits in response to im- 
munization with a conjugate of bovine serum albumin and a meohentine 
analog with a propionic acid sidechain ortho to the methoxyl group. These 
antisera have low affinities for N -  and 0-desmethylmeobentine metab- 
olites, which show less than 5% cross-reaction in radioimmunoassay 
procedures employing either tritiated or radioiodinated radioligands. 
The radioimmunoassay using [1251]meobentine was capable of detecting 
<0.4 ng/ml(4O-pg mass) of meobentine. This assay was used to demon- 
strate the absorption of meobentine in humans after oral administration 
and also permitted studies of meobentine sulfate disposition in human 
plasma following two (2.5 and 5 mg/kg) oral doses. Mean peak meobentine 
concenlrations in plasma occurred 3 hr postdose in both cases and were 
230 and 451 ng/ml following the 2.5- and 5-mghg doses, respectively. The 
approximate mean terminal half-life after all treatments was 12 hr. 


Keyphrases Meobentine sulfate-plasma levels in humans, radio- 
immunoassay a Bioavailability-plasma levels of meobentine sulfate 
in humans determined by radioimmunoassay Radioimmunoassay- 
plasma levels of meohentine sulfate in humans 


Meobentine sulfate [bis-(N-4-methoxybenzyl-N’- 
N” ,dimethylguanidinium)sulfate] possesses marked an- 
tidysrhythmic properties against arrhythmias induced by 
ouabain and those induced by coronary artery ligation in 
dogs (1). It has been demonstrated that meobentine causes 
a significant incidence of spontaneous recovery from 


electrically induced fibrillation in the dog’. The electro- 
physiological properties of meobentine have been studied 
(2). Although very close in structure to the hypotensive 
agent, bethanidine (3), meobentine is not a neuronal 
blocking agent and thus, does not decrease blood pressure 
in animals when administered intravenously a t  effective 
antidysrhythmic doses (1). In this respect, meobentine also 
appears to be superior to the quaternary ammonium 
compound bretylium tosylate, which is indicated only for 
treatment of life-threatening ventricular arrhythmias (4) 
due to its severe hypotensive side effects. 


The clinical safety and efficacy of meobentine sulfate 
when administered to humans by oral and parenteral 
routes are currently under study. Pharmacokinetic studies 
of meobentine in animals and humans, which are needed 
to facilitate the evaluation of meobentine in current clinical 
trials, require adequately sensitive and specific procedures 
for the determination of the drug in body fluids. Earlier 
gas and thin-layer chromatographic techniques lacked 
sensitivity, while administration and quantitation of ra- 
diolabeled meobentine is impractical for extensive phar- 
macokinetic studies in humans. 


W. Wastila et ol , submitted to J .  Pharm. Pharmacol 
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sponding heptafluorobutyric anhydride derivatives are 
also reported with the approximate nanogram amounts of 
the parent amine needed for half-scale deflection a t  the 
electron-capture detector settings. 


Eight samples of p-aminobenzoic acid, two samples of 
its sodium salt, and one sample of its potassium salt were 
analyzed in duplicate. Salt forms from three different lots 
contained no detectable aromatic amine impurities. Four 
of the acid samples contained benzocaine at  levels of 3-65 
ppm, while one sample of the acid contained 25 ppm of 
aniline. The TLC procedure confirmed the presence of 
both amine impurities. The derivatized samples were an- 
alyzed by GC-mass spectrometry and the mass spectral 
patterns of the samples matched those of derivatized 
standards of aniline and benzocaine. 


The presence of benzocaine as an impurity was unex- 
pected and cannnot be explained without knowledge of the 
synthesis process employed by the manufacturer. The 
aniline found in one sample could have been a contaminant 
of toluene used as a starting material for the synthesis of 
the p-aminobenzoic acid. The presence of aniline is sig- 
nificant because of its possible harmful effects on the 
body. 


In synthesizing p -aminobenzoic acid, the process usually 
starts with toluene, followed by nitration, reduction, and 
oxidation reactions. The reported analytical procedure will 
determine the primary aromatic amine impurities formed 
in the synthesis of p-aminobenzoic acid or its salts. The 10 
amines listed in Table I were added at  levels of 1-5 ppm 
to the uncontaminated lots of free acid and recoveries of 
90% or better were achieved using the derivatization 
technique. 


(1) “The United States Pharmacopeia,” 20th rev., Mack Publishing 
Co., Easton, Pa, 1980, p. 29. 


(2) R. B. Bruce and W. R. Maynard, Anal. Chern., 41,977 (1969). 
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The Antitumor and  Mammalian Xanthine Oxidase 
Inhibitory Activity of 5-Methyl-6-substituted 
Pyrrolo( 2,3-d)pyrimidine-2,4-diones 


Keyphrases Antitumor agents-potential, 5-methyl-6-substituted 
pyrrolo(2,3-d)pyrimidine-2,4-diones 0 Xanthine oxidase-potential 
inhibitors, 5-methyl-6-substituted pyrrolo(2,3-d)pyrimidine-2,4- 
diones 


To the Editor: 


Gout is a disease that is a consequence of hyperuricemia. 
The objective of drug therapy in gout is to ameliorate in- 
flammatory arthritis and to control serum urate concen- 
tration to <6 mg/100 ml. The two drug treatments cur- 
rently used to decrease urate levels are the blocking of uric 
acid renal tubular reabsorption with probenecid or sul- 
finpyrazone and to block the enzymatic activity of xan- 


Table I-The Xanthine Oxidase Inhibitory Constant (Kj) of 5- 
Methyl-6-substituted Pyrrolo(2,3-d)pyrimidine-2,4-diones and 
Allopurinol 


R “  


1.5 x 10-5 -CH3 
-c2H5 NA“ 
-CH2CH (CH& N A  
-C6H5 4.0 X 
-CH&jH5 N A  
-CHZC~H~-P-OH N A  
Allopurinol 8.0 X 


R refers to structure I1 in the text. Inhibitory constant. No activity. 


thine oxidase. This enzyme catalyzes the oxidation of hy- 
poxanthine to xanthine and xanthine to uric acid. 


Allopurinol (I) is used currently as a xanthine oxidase 
inhibitor. A series of substituted pyrrolo(2,3d)pyrimi- 
dine-2,4-diones (11) was synthesized (1) and tested for 
inhibition of xanthine oxidase activity. A drug as potent 
as allopurinol would provide an alternative therapy for the 
gout patient. 


The activity of buttermilk xanthine oxidase (1, 2) was 
measured in vitro by a previous method (2). [The activity 
of xanthine oxidase from humans is similar to that ob- 
tained from cow’s milk (2).] The assay was performed at  
pH 8.0 in 0.1 A4 sodium phosphate buffer. Allopurinol’, the 
pyrrolo( 2,3-d)pyrirnidine-2,4-diones7 and hypoxanthine2 
were dissolved in 0.1 M sodium phosphate buffer, pH 8.0. 
Uric acid production was monitored at  300 nm in a UV 
spectr~photometer~ at  36” after 1 pl(O.035 units) of xan- 
thine oxidase was added to each reaction mixture. The 
hypoxanthine concentration varied from 0.06 to 0.10 mM, 
and the inhibitor concentration varied from 0 to 5 X 10+ 
mM. The inhibitor constant ( K , )  for each drug was de- 
termined by using a Dixon plot where 1/Vr is plotted 
against inhibitor concentration (3). Allopurinol was used 
as the standard xanthine oxidase inhibitor. 


Table I lists the K ,  for allopurinol and the six pyr- 
rolo(2,3-d)pyrimidine-2,4-diones that were tested. Only 
two of the tested compounds showed any in vitro inhibi- 
tion. The phenyl substituted compound had the most ac- 
tivity but it was low compared to allopurinol. 


Because of the similarity of these compounds to normal 
purines, one compound, 5,6-dimethylpyrrolo(2,3-d)- 
pyrimidine-2,4-dione7 was tested for in vivo activity against 
two transplantable mouse lymphoid tumor systems: H-5 
ascites tumor4 in A/J male mice5 and L-1210 leukemia6 in 
B6D2F1 male mice5. 


OH 0 CH 


Sigma Chemical Co., Saint Louis, MO 63178. 
Gilford Model 222A Photometer. 
From Buttermilk, grade 111. 
A gift from Dr. J. Wynn, University of South Carolina. 
Jackson Laboratories, Bar Harbor, Ma. 
A gift from Dr. C. Bauguess, University of South Carolina. 
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Ascites fluid (0.1 ml) from a tumor-bearing mouse and 
containing lo5 cells7 was injected intraperitoneally on day 
zero. Each experimental group contained six male mice 
(20-25 g) (4). The drug was injected intraperitoneally on 
days 1,5, and 9 at a 120-mg/kg dose. The TIC was 85.4% 
for the L-1210 leukemia and 83.5% for the H-5 ascites 
tumor. A 360-mg/kg dose at day I or 40 mg/kg on days 1-9 
in the L-1210 tumor also gave a T/C of 85.4%. A T/C value 
685% indicates that the compound is probably producing 
a toxic response (4). This compound did not cause any 
deaths in control A/J or B6D2F1 mice at the doses used, 
nor did it cause any visible toxicity, such as weight loss. 


The probable toxic response of this compound in 
tumor-bearing mice hindered the testing of other substi- 
tuted pyrrolo(2,3-d)pyrimidine-2,4-diones for antitumor 
activity. 


(1) S. R. Etson, R. J. Mattson, and J. W. Sowell, Sr., J. Heterocycl. 
Chem., 16,929 (1979). 


(2) F. Bergman and S. Dikstein, J.  Biol. Chem., 223,765, (1956). 
(3) H. N. Christensen and G. A. Palmer, “Enzyme Kinetics,” 2nd ed., 


(4) B. J. Abbott, Cancer Chemother. Rep. Part 3 , 3 , 2  (1972). 
W. B. Saunders, Philadelphia, Pa., 1974, p. 82. 
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7 Cells were counted on an improved Neubauer ultraplane spot lite counting 
chamber (Scientific Products). 


Studies on Herbal Remedies I: Analysis of 
Herbal Smoking Preparations Alleged to 
Contain Lettuce (Lactuca sativa L.) and 
Other Natural Products 


Keyphrases 0 Pharmacognosy-analysis of smoking preparations al- 
leged to contain lettuce (Lactuca satiua L.) 0 Psychotropics-alleged, 
analysis of lettuce (Lactuca satiua L.) in smoking preparations 


To the Editor: 
In this communication we would like to draw attention 


to the availability in health food stores and other outlets 
of three so-called “narcotic substitute” smoking products’ 
that allegedly contain distillates of lettuce. Preparation 
1 (“Hashish”) and preparation 2 (“Opium”) are recom- 
mended by their manufacturer for legal, social smoking, 
while preparation 3 (“Hash Oil”) is suggested for appli- 
cation to marijuana cigarettes to enhance potency and 
taste. According to the package inscriptions, all three 
preparations contain “Lactuca satiua” (Garden Lettuce) 
and “ Turneru diffusa” (Damiana) distillates. In addition, 
preparation 1 is claimed to be fortified with African Yo- 
himbe bark, and preparation 2 with Lactuca uirosa (Wild 


* Preparations 1-3 described in this report are Lettucenes 1-3, Woodley Herber. 
Okemos, MI 48864. 


Lettuce) and Nepeta cutaria (Catnip) distillates, as well 
as Chinese ginseng root. Ingredient proportions are not 
stated on the package labels. 


It was suggested to us2 that the smoking of preparation 
2, without additives, may have been responsible for pro- 
ducing apparent psychotropic effects experienced by two 
teenagers. In an attempt to provide a rationale for this 
observation, the literature was searched for any ethno- 
medical and biological activities of Garden and Wild 
Lettuce and Damiana, and to whether or not any of the 
known constituents of these plants belong to classes of 
psychotropic substances. 


Extracts of both L. satiua and L. uirosa have been 
claimed to possess narcotic properties (1, 2), while the 
latter plant has been associated with hypnotic and sedative 
effects (3). Experimentally, extracts of L. satiua have ex- 
hibited in uitro antitubercular properties (4) and hypo- 
tensive activity in dogs ( 5 ) .  T .  diffusa extracts reputedly 
show mild stimulant (2), purgative (3), and aphrodisiac (1, 
3) activities. 


An early study indicated that L. satiua and L. uirosa 
contain a mydriatic alkaloid, which was identified as the 
tropane derivative hyoscyamine on the basis of the melting 
point of its aurochloride (6). The presence of a mydriatic 
alkaloid, although disputed, was presumably confirmed 
in later studies on L. uirosa (7,8). L. uirosa has been shown 
to contain N-methyl-P-phenethylamine (9), and T.  diffua 
has been stated to contain the xanthine derivative, caffeine 
(10). Tropane alkaloids, phenethylamines, and xanthines 
were recently classified, respectively, as deliriant psy- 
chodysleptics, visionary psychodysleptics, and excitatory 
psychoanaleptics (11). 


All three preparations were examined phytochemically 
to determine if any of these amines could be detected. 
Three extraction procedures, namely, a general alkaloidal 
method (12), and methods for the specific extraction of 
phenethylamines (13) and caffeine (14), were applied to 
2-g portions of each product. No alkaloidal spots corre- 
sponding to reference hyoscyamine, N-methyl-/3-phen- 
ethylamine3, or caffeine were detected by TLC on silica gel 
using several solvent systems (15). Dragendorff’s reagent, 
as well as other reagents useful for the detection of phen- 
ethylamines (ninhydrin) (15) and xanthines (iodine and 
ferric chloride) (15) were used for plate visualization. 


Therefore, it appears that any psychotropic effects ex- 
perienced by the smoking of these lettuce-Damiana dis- 
tillates are not due to the presence of tropane alkaloids, 
phenethylamines, or xanthine bases. 


(1) “The Dispensatory of the United States of America,” 19th ed., 
H. C. Wood, J. P. Remington, and S. P. Sadtler, Eds., J. B. Lippincott, 
Philadelphia, Pa., 1907, pp. 686, 1471. 


(2) R. K. Seigel, J .  Am. Med. Assoc., 236,473 (1976). 
(3) “Extra Pharmacopoeia (Martindale),” 25th ed., R. G. Todd, Ed., 


(4) F. K. Fitzpatrick, Antibiot. Chemother., 4,528 (1954). 
(5) L. Sollero, 0. M. da Fonseca, W. B. Mors, A. A. de Figueiredo, and 


(6) T. S. Dymond, J .  Chem. Soc., 61,90 (1892). 
(7) E. M. Farr and R. Wright, Pharm. J . ,  72,186 (1904). 
(8) Editorial, ibid., 72,195 (1904). 
(9) P. Marquardt, H.-G. Classen, and K.-A. Schumacher, 


Pharmaceutical Press, London, U.K.., 1967, pp. 1518,1531. 


N. Sharapin, Ci&nc. Cult. (Sao Paulo), 20,33 (1968). 


Our attention was drawn to this problem by C. R. S h e r w d ,  A. J. Canfield Co., 


We are grateful to Prof. J. L. McLaughlin, Purdue University, W. Lafayette, 
Chicago, IL 60619. 


Ind., for a reference sample of N-methyl-0-phenethylamine hydrochloride. 
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Abstract  A stability-specific high-pressure liquid chromatographic 
(HPLC) method was developed to assay intact chlorambucil (I) in the 
presence of its hydrolytic decomposition products. The HPLC method 
was used to follow the degradation kinetics of I over pH 1.0-10.0 in the 
presence of various buffers with and without added chloride ion. In the 
absence of chloride ion, the hydrolysis of I followed first-order kinetics 
and the pH rate profile showed a sharp inflection around pH 2.5 attrib- 
utable to the ionization of the nitrogen mustard and a shallower inflection 
around pH 5.0 attributable to the ionization of the carboxylic group. The 
rate was pH independent over pH 6.0-10.0 and independent of buffer 
species in the absence of chloride ion. In the presence of chloride ion, the 
kinetics of I hydrolysis was still first order. However, the degradation 
half-life a t  a particular pH and buffer concentration increased linearly 
with chloride concentration. Kinetic evidence is presented to show that 
the mechanism of chloride stabilization involves the attack of chloride 
ion on the unstable cyclic ethyleneimmonium intermediate to give back 
I. Implications of the kinetic data obtained on the fate of orally admin- 
istered I are discussed. 


Keyphrases Chlorambucil-kinetics of hydrolysis, high-pressure 
liquid chromatography 0 Hydrolysis-chlorambucil, analysis of kinetics 
using high-pressure liquid chromatography 0 High-pressure liquid 
chromatography-analysis of chlorambucil hydrolysis kinetics 0 Ki- 
netics-chlorambucil hydrolysis, high-pressure liquid chromatog- 
raphy 


Nitrogen mustards were one of the first classes of cancer 
chemotherapeutic agents systematically studied, and they 
still are used clinically (1). Although the general mecha- 
nisms of hydrolysis and alkylation fqr nitrogen mustards 
are well known (1-6), little detailed kinetic data are 
available on their hydrolysis. One reason for the lack of 
comprehensive kinetic work on the mustards has been the 
lack of suitable stability-specific analytical methods. 


BACKGROUND 


Most early work on the kinetics of mustards was performed by esti- 
mating the amount of free chloride ion liberated. However, this indirect 
method of determining intact nitrogen mustards and subsequent kinetic 
analysis can lead to incorrect stability estimates (3). Furthermore, the 
stabilizing effect of chloride on mustard hydrolysis cannot be quantita- 
tively evaluated with this method. More recent reports (4,5) on the hy- 
drolysis of melphalan using stability-specific high-pressure liquid 
chromatography (HPLC) produced some useful information on the ki- 
netics of melphalen hydrolysis and on the effect of chloride ion on its 
stability. 


Chlorambucil (I), an aromatic nitrogen mustard, is considered stable 
enough to be administered primarily as an oral dosage form. However, 
there are no reported data on the stability of I over the G1 pH range a t  
37’. I t  was recently shown (3), using a stability-specific HPLC method 
for I, that the half-life of I degradation was only 25 min at  pH 3.0 and 37”. 
Since pH 3.0 is not unrealistic for the stomach, these data showed po- 
tential stability problems for orally administered I. Thus, a kinetic study 
of I hydrolysis over the pH range of the GI system seemed warranted. 


EXPERIMENTAL 


Materials-Chlorambucil USP reference standard was used for all 
kinetic studies. Water was double distilled in an all-glass apparatus, and 
glass-distilled solvents’ were used for HPLC. All other chemicals were 
reagent grade. 


Buffers-Citrate buffers (pH 2.0-7.0), acetate buffers (pH 3.5-5.51, 
phosphate buffers (pH 6.0-9.0), and borate buffers (pH 8.5-10.0) were 
prepared from the 0.25 M stock solutions of citric acid, acetic acid, mo- 
nobasic sodium phosphate, and boric acid, respectively, by the addition 
of sodium hydroxide solution to the desired pH. Addition of chloride ion 
was avoided except when specified. Ionic strength was maintained con- 


~~ ~~ 


Burdick & Jackson Laboratories, Muskegon, Mich. 
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Table I-Effect of pH and Buffer Concentration on Rate  and 
Half-Life of I Hydrolysis at 37" 
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Figure 1-Chromatogram obtained by t h e  described HPLC method. 
Key: A, freshly prepared solution of I i n  water, 200 pglml; B, solution 
of I degraded -50% i n  water; and C ,  solution of I degraded -50% in 
0.05 M acetate buffer, p H  3.5. 


stant where noted with potassium nitrate. Other ingredients, when added, 
were weighed into the buffers before adjustment of pH. 


Equipment-The high-pressure liquid chromatograph2 was equipped 
with a fixed-volume loop injector3 and a fixed-wavelength detector4. A 
250- X 4.6-mm i.d. reversed-phase column5 was used. All pH measure- 
ment@ were taken at  room temperature. All kinetic runs were carried out 
in a constant-temperature water bath7 capable of maintaining the tem- 
perature within f0.1'. Chloride-ion determinations were made with an 
automatic chloride titrator8. 


Kinetic Studies-Solutions of I were prepared by adding stock so- 
lution of I in acetone to 25.0 ml of buffer preequilibrated a t  the desired 
temperature for a t  least 30 min. The concentration of I in the final solu- 
tion was -0.04 mg/ml, and acetone concentration in the final reaction 
mixture was <1%. The solutions were kept in the constant-temperature 
water bath and were assayed for intact I a t  various time intervals. In 
several cases, the solutions were also assayed for chloride-ion production 
as described previously (3). 


HPLC Assay Method-Separation was performed on a reversed- 
phase column5 and methanol-acetonitrile-0.01 M acetate buffer, pH 4.5 
(65:5:30), a t  a flow rate of 1.6 ml/min was used as the mobile phase. A 
1O-fil  full loop volume was quantitatively injected, and the recorder was 
set at  0.32 aufs (254-nm detector). The peak due to I had a retention time 
of -10.6 min and was the last to elute in the chromatogram. The peak 
height of I was used to calculate the amount of intact I present in the 
sample. 


RESULTS AND DISCUSSION 


Chromatography-The reversed-phase liquid chromatography 
permitted the analysis of intact I in the presence of its major hydrolytic 
degradation products in various buffer systems. Figure 1A shows the 
chromatogram of a freshly prepared solution of I in water. Peak 3, with 
a retention time of 10.6 min, was due to I; the small peak (peak a), with 
a retention time of 4.0 min, was attributed to the monohydroxy product 


* Model 3500B, Spectra-Physics, Santa Clara, Calif. 
Velco-type valve, Spectra-Physics. Santa Clara, Calif. 
Model 225, Spectra-Physics, Santa Clara, Calif. 


Expandomatic SS-2 pH meter, Beckman Instruments, Fullerton, Calif. 
Electronic relay system, Precision Scientific Co., Chicago, Ill. 


6 Zorbax C-8 column, 6 pm average particle size, Dupont Instruments, Wil- 
mington. Del. 


8 Model 4-4433, American Instrument Co., Silver Spring, Md. 


PH Buffer" 


1.20 
2.00 
2.50 


2.50 
3.00 


3.00 
3.50 
3.50 
3.60 


3.85 


4.00 
4.00 
4.10 


4.35 


4.50 
4.60 


4.85 


5.00 
5.00 
5.00 
5.10 


5.35 


5.60 


5.85 


6.00 
6.10 


6.50 


7.00 


7.00 
7.00 
8.00 
9.00 


0.1 M nitric acid 
0.01 M nitric acid 
0.01 M citrate, 


0.05 M citrate 
0.01 M citrate, 


0.05 M citrate 
0.01 M citrate 
0.05 M citrate 
0.01 M citrate, 


0.01 M citrate, 


0.01 M acetate 
0.05 M citrate 
0.01 M citrate, 


0.1 M ionic strength 
0.01 M citrate, 0.1 M ionic 


strength 
0.05 M citrate 
0.01 M citrate, 


0.1 M ionic strength 
0.01 M citrate, 


0.1 M ionic strength 
0.01 M acetate 
0.05 M acetate 
0.05 M citrate 
0.01 M citrate, 


0.01 M citrate, 


0.01 M citrate, 


0.01 M citrate, 


0.05 M citrate 
0.01 M citrate, 


0.01 M citrate, 


0.01 M citrate, 


0.02 M phosphate 
0.05 M phosphate 
0.05 M phosphate 
0.05 M ohomhate 


0.1 M ionic strength 


0.1 M ionic strength 


0.1 M ionic strength 


0.1 M ionic strength 


0.1 M ionic strength 


0.1 M ionic strength 


0.1 M ionic strength 


0.1 M ionic strength 


0.1 M ionic strength 


0.1 M ionic strength 


0.1 M ionic strength 


10.00 0.05 M boraie 


378.0 
95.1 
34.9 


38.4 
26.0 


27.6 
21.4 
21.7 
21.4 


21.3 


19.6 
19.6 
21.0 


18.5 


19.4 
19.2 


18.7 


16.8 
16.9 
18.3 
16.8 


16.5 


16.4 


16.4 


15.4 
15.6 


15.7 


15.7 


16.1 
16.1 
16.3 
15.5 
15.4 


0.18 
0.73 
1.99 (f0.06) 


1.81 
2.67 (f0.08) 


2.51 
3.24 (f0.11) 
3.19 
3.23 (f0.18) 


3.26 (f0.17) 


3.54 
3.54 
3.32 (i0.40) 


3.74 (f0.25) 


3.58 
3.61 (f0.07) 


3.70 (f0.15) 


4.14 
4.13 
3.79 
4.13 (f0.06) 


4.20 (i0.06) 


4.23 (f0.14) 


4.23 (60.03) 


4.51 
4.44 (f0.27) 


4.43 (f0.25) 


4.42 (f0.02) 


4.31 
4.32 
4.26 
4.47 
4.50 


a Buffers contained no chloride ion, and ionic strength was maintained only where 
noted. * Standard deviations, where noted in parentheses, are for three runs. 


(11). When completely degraded solutions of I, both in water alone and 
in various buffer systems, were chromatographed, no peak corresponding 
to the retention time of I was observed. Therefore, none of the final 
degradation products interfered with the assay for intact I. During the 
degradation of I in water, peak 2 was the first to appear and increased 
through approximately one half-life of I, after which time it began de- 
creasing. 


Peak 1, which eluted close to the solvent front, increased steadily 
throughout the degradation; Fig. 1B shows a typical chromatogram when 
-50% of I had degraded in water. Based on the mechanism of I hydrolysis, 
peak 2 was attributed to I1 and peak 1 was attributed to the dihydroxy 
product (111). This is also consistent with the order of elution of these 
peaks, where the dihydroxy compound, 111, eluted faster than the mon- 
ohydroxy compound, 11, which, in turn, eluted faster than the relatively 
nonpolar I. The order of elution was similar to that reported for the re- 
versed-phase HPLC of melphalan (4). Therefore, major intermediate 
degradation products in water alone do not interfere with the assay. 


When I degrades in the presence of various buffers, other peaks, in 
addition to those due to I1 and 111, also appear. Thus, Fig. IC shows the 
chromatogram of a solution of I degraded in 0.05 M acetate buffer. pH 
3.0. The peaks, in addition to those due to 1-111, were probably due to the 
degradation products resulting from the attack of nucleophilic buffer 
species on reactive cyclic ethyleneimmonium intermediates. Thus, based 
on the time course of appearance and disappearance and also the reten- 
tion time of peaks, peak 4 in Fig. 1C was tentatively attributed to the 
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Table 11-Effect of Chloride Ion and Other Buffers on the Rate 
and Half-Life of I Hydrolysis in 0.02 M Phosphate Buffer, pH 7.0, 
at 37" 


Chloride-Ion 
Concentration, t+ ,  Kobs X 


Run Additive molesfliter min 102 min-1 


1 
2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


- 
0.08 M 


0.10 M 


0.20 M 


0.24 M 


0.40 M 


0.08 M 


0.24 M 


0.40 M 


potassium chloride 


potassium chloride 


potassium chloride 


potassium chloride 


potassium chloride 


potassium nitrate 


potassium nitrate 


potassium nitrate 
0.08 M 


imidazole 


potassium nitrate + 
0.08 M imidazole 


potassium chloride + 
0.08 M imidazole 


potassium chloride + 
0.30 M imidazole 


potassium chloride + 
0.08 M imidazole 


0.40 M 


0.08 M 


0.10 M 


0.40 M 


- 
0.08 


0.10 


0.20 


0.24 


0.40 


- 


- 


- 


- 


- 


0.08 


0.10 


0.40 


16.6 
27.9 


29.2 


41.6 


50.3 


67.8 


16.0 


15.0 


15.2 


18.8 


15.8 


21.8 


19.1 


34.1 


4.18 
2.48 


2.38 


1.66 


1.38 


1.19 


4.34 


4.63 


4.56 


3.69 


4.38 


3.18 


3.63 


2.04 


monoacetyl derivative of I. Similarly, when the solvents contained sub- 
stantial amounts of methanol or ethanol, other peaks that probably were 
due to the methoxy- or ethoxy-substituted compounds appeared. No 
further attempts were made to isolate and identify these peaks, and the 
major concern was to make sure that these peaks did not interfere with 
the assay of intact I. 


The peak height due to I was linearly related with its concentration 
over 10-200 pg/ml. Therefore, peak heights were used to calculate the 
amount of intact I present in the sample. Acetone was used as the solvent 
for the stock solution, because I degrades slowly in hydroxylic solvents 
such as methanol or ethanol. 


Kinetic Studies-Hydrolysis of I followed first-order kinetics over 
pH 1.0-10.0 as determined from linear semilogarithmic plots of the 
amount of intact I remaining uersus time. Table I summarizes the rates 
of I hydrolysis in various buffers and pH values in the absence of added 
chloride ion. Table I1 shows the rates in the presence of added chloride 
ion. The rate of I hydrolysis was relatively independent of buffer species 
and concentration but was strongly influenced by pH and chloride-ion 
concentration. Therefore, the effects of pH and chloride-ion concentra- 
tion are discussed separately. 


Effect of pH-Figure 2 shows the pH rate profile for I hydrolysis a t  
37" in buffered solutions with 0.1 M ionic strength where no chloride ion 
was added. The profile shows a sharp inflection around pH 2.5 and a 
shallower one around pH 5.0, followed by a plateau region at  pH 6.0- 
10.0 


The pH-independent rate of I hydrolysis a t  pH 6.0-10.0 excludes the 
possibility of a significant hydroxide-ion catalysis for I hydrolysis over 
pH 1.0-10.0. In addition, the decreasing rate of I hydrolysis as the pH was 
lowered suggests that hydrogen-ion catalysis is also not important in this 
range. Thus, change in the rate of I hydrolysis with pH in this range must 
be attributable to the ionization of reactive functional groups in I. 


The sharp inflection around pH 2.5 is attributable to the ionization 
of the nitrogen mustard of I. The mechanism of nitrogen mustard hy- 
drolysis is known to involve the attack of unprotonated nitrogen mustard 
to expel chloride, forming an unstable cyclic ethyleneimmonium inter- 
mediate. This is followed by the attack of water and other nucleophiles 
to give subsequent products (1-6). The availability of a free electron pair 
on the nitrogen mustard is essential for its reactivity (l) ,  and protonation 
of this nitrogen makes the compound much less reactive. The pKa of the 
nitrogen mustard of I was reported (2) to be on the order of 2.5. Therefore, 


as pH increases from 1.0 to 4.0, more of I would be in the unprotonabd 
form and the rate of I hydrolysis should increase. The sharp inflection 
(Fig. 2) near the pKa of I strongly supports the mechanism that the un- 
protonated nitrogen mustard is the reactive species. 


This mechanism alone, however, does not explain the shallow inflection 
around pH 5.0. If the ionization of the nitrogen mustard was the only 
determinant in the rate of I hydrolysis, a plateau above pH 4.5 (ie. ,  2 pH 
units above the pKa) would be expected. However, the difference in rate 
constants in the final plateau region (pH >6.0) and that of the plateau 
range of pH 4.0-4.5 is real. Experiments in this pH region (pH 3.0-5.5) 
were done a t  very frequent pH intervals (Fig. 2 and Table I), often re- 
peated three times each, and ionic strength was strictly maintained, thus 
leaving little doubt that there is an inflection between pH 4.5 and 6.0. 


Since the rate of I hydrolysis in the pH P6-range is totally independent 
of hydrogen ion, hydroxide ion, or buffer catalysis (acetate, citrate, and 
phosphate buffer concentration had no effect on the rate, Table I), the 
increase in rate with increasing pH in this range must be attributed to 
ionization of another group in I that would affect the rate of I hydrolysis. 
The only ionizable group in I (except the nitrogen mustard) is the car- 
boxylic group, and thus the inflection must be attributed to this group. 
The inflection region around pH 5.0 is also consistent with the ionization 
constant of an aliphatic carboxylic group. 


A slightly higher rate of hydrolysis of I- over I is also not unreasonable. 
The ionization of the carboxylic group and resultant formal negative 
charge on the alkyl substituent is expected to have some long-range 
electron-donating inductive effect on the nitrogen mustard, making it 
slightly more reactive than I where the carboxylic group is unionized. 
Therefore it is suggested that the second inflection point is due to the 
ionization of the carboxylic group and that the plateau area, in the 
6.0-10.0-range, is the limiting rate of ionized I- (Scheme I). 


IH+ n 
hydrolysis 
products 


1- 
Scheme I 


This mechanism is supported by calculation of rate a t  any particular 
pH. Thus, for the reaction shown in Scheme I, it can be shown that: 


where Kobs is the observed rate constant; K ,  and Kh are the ionization 
constants of the species IH+ and I, respectively; and: 


I t  = [IH+] + [I] + [I-] (Eq. 2) 


D = [H+]'+ K,[H+] + K,K, (Eq. 3) 


The value of KIH+ can be estimated from pH 1 data and thus shown 
to be negligible. The value ofK1- can be obtained from the limiting rate 
at pH >6, which was experimentally found to be 0.0440 min-' (Table I). 
The pKa value was reported (2) to be on the order of 2.5; that of pKa', 
the ionization constant of an aliphatic carboxylic group, should be on the 
order of 5.0. The value of K1 should be close to the rate between pH 3.5 
and 4.0, which was experimentally found to be between 0.032 and 0.035 
rnin-'. The solid line in Fig. 2, obtained using Eq. 1 and K ~ H +  = 0.0 min-I, 
K I  = 0.0335 min-', K I -  = 0.0440 min-', pKa = 2.4, and pKa' = 4.9 (all 
realistic values), represented the best fit of the theoretical line to the 
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Figure 2-The pH rate profile for degradation of I in the  absence of 
added chloride ion at 37’. The solid line is the best f i t  theoretical line 
using Eq. 1 and values mentioned in the text .  Circles are experimental 
points. All points above pH 2.0 were determined in 0.01 M citrate buffer, 
0.2 M ionic strength. 


experimental points. This result supports the proposed kinetic analysis 
(Scheme I) for the hydrolysis of I. 


Effect of Chloride Ion-Hydrolysis of I followed first-order kinetics 
in the presence of excess chloride ion. However, a t  a particular pH and 
fixed buffer concentration, the rate of I hydrolysis decreased in the 
presence of added chloride ion. As seen in Table 11, the half-life of I hy- 
drolysis increased with increasing chloride concentration. Although the 
rate of I hydrolysis was relatively independent of buffer concentrations 
in the absence of added chloride ion, it was strongly influenced by buffer 
concentration when excess chloride ion was present. 


The absence of significant effects of other ions, buffer species, and 
specific hydrogen-ion or hydroxyl-ion catalysis (except for the pH effect 
on the ionization of I and consequent effects on the rate) strongly suggest 
that the stabilizing effect of chloride ion in I hydrolysis is a specific one. 
Based on these observations, the mechanism of chloride stabilization 
probably involves the reverse attack of chloride ion on the cyclic ethy- 
leneimmonium intermediate (I+) to give back parent I (Scheme 11). The 
same mechanism was recently suggested (5) for the chloride-ion stabili- 
zation of melphalan hydrolysis. 


. ,,CH,CH,Cl 


‘CH,CH,OH 
other  products degradation + o ~ ~ C H , ) 3 + N  / 


HO 
I1 


Scheme I I  


1 80 


701 
6ot 


5 40 


I 
a 


20 30Y 
l o t  


1//1 
/ 


01 1 I 1 I I 1 
0 0.08 0.16 0.24 0.32 0.40 0.48 


CHLORIDE CONCENTRATION, moledliter 
Figure 3-Plot o f  adjusted half-life (see text)  for I hydrolysis versus 
the concentration of added chloride ion. 


The cyclic intermediate, 1’, is susceptible to attack by water and other 
nucleophiles present in the reaction mixture. It is reasonable, therefore, 
to suggest that chloride ion competes with water and other nucleophiles 
to attack 1’. The attack of water and all other nucleophiles except chloride 
ion yields irreversible degradation products, while the attack of chloride 
ion yields I. It follows that stabilization would increase as the ratio of 
chloride ion to other nucleophiles (including water) is increased. This 
relation qualitatively explains why the half-life of I hydrolysis increases 
with increasing concentration of added chloride ion. 


The rate of I hydrolysis increases when the concentration of nucleo- 
philic buffer species ( i x . ,  imidazole) increases in the presence of a con- 
stant excess concentration of chloride ion (compare values of Runs 2,3, 
and 6 with those of Runs 12-14 in Table 11). However, except for a minor 
ionic strength effect, buffers and other ions had no significant effect on 
rate when no chloride ion was added (Table I). This result can be ex- 
plained by Scheme 11, where increasing the concentration of other species 
competing to attack I’ results in a smaller share of I’ available for chloride 
attack and, hence, reduces stabilization. Without chloride ion, attack of 
I by all species leads to irreversible degradation products. Therefore, 
increasing the buffer concentration only changes the ratio of degradation 
products without affecting the rate of I hydrolysis. 


This mechanism of chloride-ion Stabilization is also substantiated by 
the kinetic analysis of the results in the presence of added chloride ion. 
If it is assumed that the concentration of the reactive intermediate, 1’. 
reaches steady state, then applying classical steady-state kinetics dictates 
(Appendix) that, in the presence of constant excess chloride ion, the loss 
of I is first order with respect to I and that the half-life of I hydrolysis is 
related linearly to the chloride-ion concentration if all other conditions 
remain constant. 


To check these criteria, experiments were designed to study the kinetics 
of I hydrolysis a t  a fixed pH and buffer concentration in the presence of 
various amounts of sodium chloride concentration. Since ionic strength 
would influence the rate by affecting the pKa if the pH was in the in- 
flection region of the pH rate profile for I hydrolysis, these experiments 
were performed in 0.02 M phosphate buffer (pH 7.0), which was well 
within the plateau region (Fig. 2). At this pH, small changes in K, and 
Kb of I would have a minimal effect on the rate. To account for the ionic 
strength effect of added chloride ion on the rates, rate constants for I 
hydrolysis were also determined in 0.02 M phosphate buffers (pH 7.0) 
in the presence of various concentrations of potassium nitrate. The ad- 
justed rate constants a t  any chloride-ion concentration were calculated 
by: 
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(Eq. 4) 


where K,dj is the adjusted rate constant, Kobs is the observed rate con- 
stant at a specified sodium chloride concentration, K’ is the rate constant 
in the absence of added chloride ion but in the presence of the same molar 
concentration of potassium nitrate as the concentration of sodium 
chloride added to determine Kobs, KO is the rate constant in the absence 
of any other added ion except the 0.02 M phosphate buffer (pH 7.0), and 


Plotting the concentrations of I remaining against time gave first-order 
plots, and Fig. 3 shows the plot of adjusted half-lives against sodium 
chloride concentrations. The good linear plot in Fig. 3 lends strong sup- 
port to Scheme 11. 


Physiological Implications-The preceding kinetic data suggest that 
I is reasonably stable at 37O to 0.1 N HCl (half-life -12 hr). However, the 
stomach pH varies from 1.5 to 5.0 (7); if the pH is -3.0, a 25-min half-life 
a t  37’ (Table I) would mean that -10% drug would degrade in 4 min. 
Even in the presence of a substantial chloride-ion concentration in the 
stomach (e.g., 0.1 M), the half-life of I would be -50 min at pH 3.0 and 
37O (still a very fast rate for an orally administered drug). Therefore, the 
amount of drug available for absorption apparently would be a function 
of stomach pH at a particular time. Thus, there is a serious potential for 
inconsistency in the availability of orally administered I. 


The hydrolysis rate of I in human plasma at 37’ was -10-20 times 
slower than in the buffer of pH 7.4. This stabilization was attributed to 
the binding of I with plasma proteins as suggested previously (8,9). The 
similar favorable effect of the proteins in the GI tract on the stability of 
orally administered I was not investigated in this study. 


(tl/2)adj = 0.693/Kadj. 


APPENDIX EFFECT OF CHLORIDE ION ON KINETICS 
OF I HYDROLYSIS 


For the reaction shown in Scheme 11: 


I & +  c1- + I1 t other products KZ 


K“, HzO. 


other nucleophiles 
Scheme AI  


where K1 is the first-order rate constant of initial cyclization of I, K!?: is 
second-order rate constant for chloride-ion attack on I’ to yield I, and K, 
is the pseudo-first-order rate constant for breakdown of I’ by all nucle- 
ophiles (including water), except chloride ion, to yield I1 and other deg- 
radation products: 


-dI/dt = KI[I] - K!?; [Cl-][I’] 


dI‘ldt = Ki[I] - KC: [Cl-][I’] - Kx[I’] 


(Eq. A l l  


(Eq. A21 


If I’ is assumed to be very unstable and its concentration reaches steady 
state, then at steady state: 


dI’/dt = 0 
and 


(Eq. A3) 


Kl[I] - KC_\ [Cl-][I’] - K,[I’] = 0 (Eq. A4) 


Collecting terms and simplifying (Eq. A4) gives: 


I’ = K1 111 (Eq. A5) K!?, [Cl-] t K, 
Substituting Eq. A5 into Eq. A1 gives: 


Simplifying Eq. A6 gives: 


(Eq. A7) 


If chloride ion is in excess, its concentration does not change signifi- 
cantly by the chloride ion liberated during the hydrolysis of I. Therefore, 
the term K1KXI(K!?; [Cl-] t K,) in Eq. A7 is constant and designated 
as Kobs: 


(Eq. A81 K 1Kx 
= K$:[Cl-] t K, 


and: 


-dIldt = Kobs[I] (Eq. A9) 


Equation A9 shows that loss of I in the presence of a fixed excess con- 
centration of chloride ion should be the first order with respect to I with 
the rate constant Kobs. Inverting Eq. A8 yields: 


Cancelling terms and multiplying Eq. A10 with 0.693 gives: 


(Eq. A10) 


(Eq. Al l )  
0.693 - 0.693 K p  Icl-l - 0 693 
Kobs K1Kx K i  


Equation A l l  shows that the plot of the observed half-life (0.693/K0t,J 
versus the chloride-ion concentration should be a straight line, with the 
intercept representing the half-life when no chloride ion is present. 
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Abstract 0 From a consideration of the basic processes involved in drug 
elimination, the fraction of drug cleared by the gut and by the liver were 
described as functions of availability and hepatic clearance. For a drug 
given orally, a plot of the fraction of drug cleared by the gut or liver 
against a,  a proportionality constant relating gut elimination following 
intravenous administration to that following oral administration, allowed 
an estimate of the possible contribution of gut and liver to presystemic 
elimination. This method was dependent only on the measurement of 
peripheral blood drug concentrations and urine levels. Application of the 
theory to published data for several drugs known to have a reduced 
availability after oral administration was used to illustrate the proce- 
dure. 


Keyphrases 0 Liver-relative contribution to presystemic elimination 
Gut-relative contribution to presystemic elimination Presystemic 


elimination-quantification of contribution of gut and liver, theoretical 
considerations 


When given orally, many drugs undergo significant 
presystemic metabolism in the gut and liver, reducing their 
pharmacological activity by decreasing systemic avail- 
ability (1). In experimental animals, the relative contri- 
bution of the liver and gut to presystemic elimination can 
be quantified by measuring portal and peripheral blood 
drug concentrations following oral and intravenous ad- 
ministration (2-4). However, as pointed out by Routledge 
and Shand (l), such procedures cannot be readily carried 
out in humans because of technical and ethical limitations 
and, therefore it has not been possible to demonstrate 
which site of metabolism is more important during 
presystemic elimination in humans. In the present study, 
a theoretical approach to quantifying the contribution of 
gut and liver to presystemic elimination was considered 
and equations derived which, for drugs obeying certain 
criteria, allowed calculation of the fraction of drug cleared 
in the gut or liver using clearance and availability estimates 
obtained by measurement of drug concentrations in sys- 
temic blood. 


THEORY 


The presystemic elimination of a drug in a linear system was consid- 
ered. Availability ( F )  can be estimated by: 


(Eq. 1) 


where AUCora1 and AUCi, are the areas under the blood drug concen- 
tration-time curves following an oral (Doral) and an intravenous (Di,) dose 
respectively, fc. is the fraction of dose cleared in gut, and f~ is the fraction 
of dose reaching the portal blood system which is cleared by the liver. 


When such a drug is given intravenously, elimination may occur in the 
liver or in the gut if significant diffusion of the drug from the portal blood 
into the gut wall occurs. The rate of drug elimination in the liver (dELldt)  
can be described by: 


where QL is the total hepatic blood flow, Qc is the intestinal blood flow, 
C1 is the peripheral blood concentration, and Cc is the concentration of 
drug entering the liver uia the portal system. The rate of drug elimination 
in the gut wall following intravenous administration ( d E c / d t )  is given 
by: 


(Eq. 3) 


where 1 2 n 2 0. The proportionality constant, a, allows for the fact that 
the fraction of drug cleared after entering the gut from the general cir- 
culation may not be equal to that cleared after entering the gut from the 
lumen. Total elimination rate from the splanchnic circulation ( d E / d t )  
can be described by the addition of Eq. 2 and 3. 


Since Cc = (1 - a/c)C1, then: 


CLEARANCE = 1 literlmin 
1 .o 


9 0.5 I/-?, 
0 
I 


/ 


0.5 1 .o 
4 


CLEARANCE = 0-75 literlmin 


CLEARANCE = 0-5 liter/min 


d 0.5 'I 
(2 (2 


0.5 1 .o 0.5 1 .o 
Q (2 


Figure 1-Dependence of fL and fc on auailability, clearance, and a. 
Assuming QL and QG to be 1.5 and 1.2 literslmin, respectively, fL  and 
fG were calculated according to  Eqs. 8 and 9. Key: Availability = 0.3 
(-),0.25 (--),0.15 ( - - - ) ,and0.05  (. . .). 
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Table I-Kinetic Data  for  Drugs Known to Undergo Significant Presystemic Elimination 
~~ 


Plasma Blood-Plasma Fraction Hepatic Blood 
Avail- Clearance, Distribution Excreted Clearancen, 


Drug ability liter/min Ratio in Urine literdmin Reference 


Imipramine 0.47 1.05 1.34 0.0 0.784 8 
Propranolol 0.36 0.702 0.78 0.0 0.90 9 
Quinidine 0.795 0.256 0.66 0.276 0.281 10 
Pentazocine 0.184 1.38 1.07 0.154 1.09 11 
Oxprenolol 0.462 0.372 0.80 0.03 0.457 12 
Nortriptyline 0.505 0.527 1.49 0.02 0.347 13 
Lidocaine 


Healthy subjects 0.37 0.77 0.83 0.01 0.918 14 
Epileptics 0.15 0.85 0.83 0.01 1.014 14 


Controls 0.452 0.00276 1.06 0.0 0.0026 15 
Induced 0.058 0.01763 1.06 0.0 0.0166 15 


a Calculated as [~-/RICLT/A where f~ = fraction of drug excreted in urine, CIT = total plasma clearance, and A = blood to plasma distribution ratio * Study undertaken 


Phenacetin * 


in rats, controls were pretreated with saline, while induced were pretreated with 3-methylcholanthrene; QL = 21 ml/min, Qc = 16.8 ml/min. 


Equation 5 simplifies to: 


(Eq. 6) 


The term enclosed by the square brackets is equivalent to the classical 
hepatic clearance constant ( C l H )  where gut and liver are considered as 
a single functional unit. Thus: 


ch = Q L f r .  + NQcfc(1 - f r . )  (Eq. 7) 


From Eq. 1: 


f c  = 1 - [F/(l - fdl 
Substituting Eq. 8 into Eq. 7 and rearranging: 


(Eq. 8) 


Exact solutions of f L ,  fc, and 01 are not possible from the above equa- 
tions, since the three parameters are described by only two independent 
equations (Eqs. 8 and 9). However, a plot of fL and f c  versus N for 1 I 
(Y 2 0 may allow some conclusions concerning the overall contribution 
of gut and liver to the presystemic elimination of a drug to be made. 


RESULTS AND DISCUSSION 


The proportionality constant 01 in Eq. 9 relates gut elimination fol- 
lowing oral to that following intravenous drug administration. The role 
of the GI tract in drug metabolism, particularly after intravenous ad- 
ministration, has not been comprehensively investigated. Theoretically, 
cv is equal to unity when the gut contributes equally to the elimination 
of a drug after i t s  oral and intravenous administration. During absorption, 
a drug must cross the mucosal epithelium, basement membrane, and the 
capillary endothelium. Movement of drug in the opposite direction may 
be equal to or less than the corresponding rate of absorption depending 
on its physicochemical properties, the pH gradient across the gut wall, 


lmiaramine Prooramlol Omdine  


0.5 L0.5 *- 0.5 


Pentazocine Nortriptyline OxpenO(0l 


' O 1  


0.5 1.0 0.5 1.0 0.5 1.0 
(I a a 


Figure 2-The f versus (Y curves for several drugs known to undergo 
significant presystemic elimination (see Table I ) .  Key: ~ fL; and 


fc,. - _ ~  


the blood flow rate, and the degree of drug binding to blood constituents. 
All these factors may cause a to be less than unity. For some drugs Such 
as isoproterenol (5, 6) and pentazocine (7) which have been shown to 
undergo significant biotransformation in the gut following oral admin- 
istration but not after infusion into the mesenteric arterial blood supply, 
N is equal to zero. 


Using Eqs. 8 and 9, fL and f c  have been computed at  various clearance 
and availability values for 1 I a 10, QL = 1.5 l i tershin,  and Qc = 1.2 
l i tershin (Fig. 1). For a given oral availability, the importance of the liver 
to overall presystemic elimination decreases, while that for gut increases 
as clearance is reduced. Furthermore, regardless of the value of a, the gut 
becomes increasingly more important as availability is reduced a t  a 
constant clearance. In general, the liver is the site of greater elimination 
in systems of relatively high clearance and high availability, whereas the 
gut is dominant in systems of relatively low clearance and low avail- 
ability. 


Using kinetic data (Table I) obtained from the literature (%15), curves 
off versus N were constructed to determine the contribution of gut and 


A 
Control rats 


%0.5 & -  


l . O L  0.5 1 .o 
a 


Healthy patients 


0.5 1 .o 
a 


Induced rats \ 
0.5 1 .o 


6 
1 .o Epileptic patients 


k0.5b 0.5 1 .o 
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Figure 3--E//ect fJ/indLiction on the f versus (Y curves for phenacrtin 
(A )  and lidocaine (B).  For phenacetin, rats werc prctreated with d i n e  
(controls) or 9-methvlcholanthrene (induced) before receiving an oral 
or intravenous dose of phenacetin. For lidocaine, data were collected 
from healthy subjrct.s and also from epileptic patients coho were re- 
ceiving enzvme-inducing drugs such as phenoharhital. Key:  ~ f[., 
and - - - fc. 
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liver to the presystemic elimination of a number of drugs. Total hepatic 
clearance was calculated as (1 - ~ R ) C I T / X  where f~ is the fraction of drug 
eliminated unchanged in the urine, Clr is the total plasma clearance, and 
X is the blood to plasma distribution ratio. For all drugs considered, it 
was assumed that significant elimination occurred only in gut, liver, and 
kidney. Total hepatic and intestinal blood flows were assumed to be 1.5 
and 1.2 l i tedmin,  respectively (16). For the phenacetin data that were 
obtained from experiments in rats, Qr. and Qc were taken to be 21.0 and 
16.8 ml/min, respectively, assuming a body weight of 240 g (17). 


The contribution of the liver to presystemic elimination was greater 
than that of the gut for imipramine, propranolol, and quinidine regardless 
of the value of N (Fig. 2). However, with oxprenolol and nortriptyline, the 
gut was generally more important. For both these drugs, the boundaries 
of a were reduced to 0.708 1 N 1 0 and 0.584 2 a L 0, respectively, since, 
by definition, 1 2 fL 1 0 and 1 1 fc 1 0. Because of the nature of Eqs. 
8 and 9, it is possible that plotting fr. and fc Lvrsus n will produce curves 
which suggest that the gut is more important than the liver at  one ex- 
tremity of CY ( t ~  + l), while the reverse is true a t  the other extremity (a  - 0). This is exemplified by the f uersus a curves for pentazocine Fig. 
2)  where the gut eliminated 33% of an oral dose if a = 0, but 71% if (Y = 
1. In such a case, plotting f~ and f~ against a would not assist in assessing 
the relative contribution of gut and liver to the reduced availability, and 
information concerning the magnitude of n would have to be obtained 
from isolated human gut loops, experiments in patients undergoing 
portocaval anastomosis, or by extrapolation from animal data. 


The use off versus IY curves also may reveal how induction or inhibition 
of enzymatic systems can affect availability. In Fig. 3, the change in f~ 
and fc for phenacetin in rats and lidocaine in humans was illustrated 
before and after induction. For control rats, it could be calculated that 
a t  least 88% of the total dose eliminated before reaching the systemic 
circulation was due to clearance in the gut. After pretreatment with 3- 
methylcholanthrene, there was a small increase in fc,  but a far more 
marked increase in f~ for all values of N suggesting that the decrease in 
availability in induced animals was due to a greater contribution from 
the liver. However, the change in lidocaine availability from 37% in 
healthy subjects to only 15% in epileptic patients was primarily due to 
an increase in gut elimination. It should be noted that f c  may be a 
function of a number of factors such as gut lumen metabolism, gut wall 
metabolism, or incomplete absorption. The greater contribution of gut 
to the presystemic elimination of lidocaine in epileptic patients was also 
reflected in the lack of any change in plasma half-life (14) which should 
have been reduced by a significant increase in liver metabolism since fi. 
was much less than 1 in healthy subjects, (greatest value  off^ was 0.612 
for (Y = 0). 


Finally, it should be noted that the use of this method in humans is 
dependent on reliable estimates of &. and Qc. While numerous studies 
have shown relatively constant estimates for these values in healthy 
subjects, both may be markedly altered in patients with cardiovascular. 
hepatic, or renal disease, or by the drug under investigation. For example, 
the f uersus IY curves for propranolol, oxprenolol, quinidine, and lidocaine 


should be interpreted cautiously considering the known hemodynamic 
effects of these drugs. This limitation could be avoided by individual 
measurement of QL and Qc. Hepatic blood flows may be estimated using 
well-established invasive techniques (18, 19) which usually involve direct 
infusion of a radiolabeled inert gas such as xenon or krypton into the 
liver. 
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Abstract 0 The stability of intravenous nitroglycerin solutions prepared 
from either sublingual tablets or a 10% nitroglycerin-lactose adsorbate 
(powder) was examined under various conditions. Nitroglycerin con- 
centration was measured by high-pressure liquid chromatography. Ni- 
troglycerin stock solutions (0.8-1.0 mg/ml) prepared from tablets or 
powder in 09% saline were stored upright in refrigerated multidose vials 
for 6 months without a significant decrease in concentration. Storage of 
the solutions a t  room temperature resulted in a 20% loss after 3 months. 
Intravenous nitroglycerin solutions (0.2 mg/ml) prepared from tablets 
or powder in either 0.9% saline or 5% dextrose in water were stored in glass 
intravenous bottles at temperatures between 6 and 38' for 24 hr with a 
maximum loss of 18%. Stability was not affected by light. Solutions in 
contact with rubber stoppers, plastic intravenous bags, or plastic ad- 
ministration sets exhibited decreased nitroglycerin concentration char- 
acteristic of sorption. Nitroglycerin concentrations decreased to a greater 
extent when the administration sets were equipped with plastic burets. 
Brief contact of nitroglycerin solutions with a plastic syringe did not result 
in decreased concentration. The stability of intravenous nitroglycerin 
solutions packaged in glass was not dependent on light, the vehicle, or 
the source of nitroglycerin. Contact with rubber or plastic surfaces should 
be minimized. 


Keyphrases 0 Nitroglycerin-intravenous solutions, stability, effect 
of temperature, light, source, and packaging Stability-effect of 
temperature, light, source, and packaging on intravenous nitroglycerin 
solutions Vasodilators-nitroglycerin, stability of intravenous solu- 
tions 


Intravenous nitroglycerin is used clinically in various 
cardiovascular conditions (1-5). At present, only an in- 
vestigational nitroglycerin formulation is commercially 
available for intravenous infusions. Consequently, many 
pharmacists prepare intravenous nitroglycerin solutions 
from sublingual nitroglycerin tablets (6, 7) or from a ni- 
troglycerin-lactose adsorbate (8, 9). The stablity of ni- 
troglycerin tablets was defined after the advent of single- 
tablet assays, particularly automated single-tablet assays 
(10-15). However, initial stability data on nitroglycerin in 
intravenous solutions were anecdotal (16) or conflicting 
(17,18). Recently, the results of several investigations were 
reported (19-24). 


This investigation examined the stability of nitroglyc- 
erin parenteral solutions under various conditions of 
temperature, exposure to light, packaging materials, ni- 
troglycerin source, vehicle, administration set, and time. 


EXPERIMENTAL 


Assay-Nitroglycerin was measured by a modified high-pressure 
liquid chromatographic (HPLC) method (25). A high-pressure liquid 
chromatograph' equipped with a universal liquid chromatographic in- 
jector2, UV absorbance detector3 (254 nm), and a strip-chart recorder4 
was used for all analyses. Samples (25 pl) were chromatographed at room 
temperature on a microparticulate, reversed-phase, 30 cm X 4-mm i.d. 
column5 with an eluting mobile phase of 60% methanol in water a t  a flow 
rate of 2 ml/min. The inlet pressure varied from 2400 to 3000 psi and was 


1 Model ALC/GLC 204, Waters Associates, Milford, MA 01757. 
M-6000A. SDS-4126, Waters Associates. 


3 M-440, S-440-00634, Waters Associates. 
4 Recordal series 5000, Fisher Scientific, Pittsburgh, PA 15219. 
5 IBondapak C18. P/N 27324, S/N 067552, Waters Associates. 


noted on a daily basis. The retention time of nitroglycerin was -4 min, 
and samples could be injected every 5 min. 


The technique was sensitive to injections of >lo0 ng of nitroglycerin. 
Precision was 1.0% over a solution range of 1W300 pg of nitroglycerin/ml. 
Standard solutions were prepared from 0.4-mg sublingual nitroglycerin 
tablets6 and 10% (w/w) nitroglycerin-lactose adsorbate7 (powder). 
Standard curves were linear (r 2 0.99) over the concentration range 
used. 


Stability Study-The stability of nitroglycerin solutions with initial 
concentrations of 0.8 or 1.0 mg/ml (stock) and 0.2 mg/ml (intravenous) 
was tested. 


Stock Solutions-Nitroglycerin stock solutions were pipetted into 5-ml 
multidose vials8 for stability testing. Rubber stoppersg (20 mm) were 
fitted to the vials with a metal tear-off seallo. 


Vials containing 5 ml of nitroglycerin solution (1.0 mg/ml) prepared 
from tablets in 0.9% saline were stored in groups of three under conditions 
of varied temperature, light, and contact with the rubber stopper (So- 
lutions VRT, VU, VF, VO, and VR, Table I). 


In addition, five vials containing 5 ml of nitroglycerin solution (0.8 
mg/ml) prepared from tablets in 0.9% saline (Solution VT) and five vials 
containing 5 ml of nitroglycerin solution (0.8 mg/ml) prepared from 
powder in 0.9% saline (Solution VP) were stored under fluorescent light 
a t  22-30' in an upright position. 


Zntrauenous Solutions-Intravenous nitroglycerin solutions (0.2 
mg/ml) were prepared in 250-ml plastic bags of 0.9% saline" or in 250-ml 
glass bottles of 0.9% saline12 or 5% dextrose in water13. Initially, 50 ml of 
the saline or 5% dextrose solution was removed from the container; a glass 
syringe was then used to add 50 mlof freshly prepared nitroglycerin stock 
solution. Containers were inverted throughout the stability study. A 
tubing clamp attached to the bags and a glass rod inserted into the bottles 
sealed the administration ports. 


Intravenous nitroglycerin solutions were first prepared in saline from 
a tablet nitroglycerin stock solution. Five bags and five bottles containing 
the nitroglycerin solutions were stored under each condition of light and 
temperature (Solutions PRT, PF, PR, PO, GRT, GF, GR, and GO, Table 
11). 


Five solutions of tablet nitroglycerin in bottles of saline (Solution GT) 
were compared to five solutions of tablet nitroglycerin in bottles of 5% 
dextrose solution (Solution GD) and to five solutions of powder nitro- 
glycerin in bottles of saline (Solution GP). These solutions were stored 
between 26 and 28' under fluorescent light. A t  the same time, solutions 
of tablet nitroglycerin were prepared in 10 bottles and five bags of saline. 
Administration tubing14 (1.8 m) was connected to each bag (Solution 
PTu) and five bottles (Solution GTu). The tubing was immediately filled 
with solution and then continually perfused a t  0.5 ml/min by gravity. 


Administration tubing (2.1 m) with a buret15 was connected to the 
remaining five bottles (Solution GBu) and was similarly filled and per- 
fused. One hundred milliliters of solution remained within the buret 
chamber throughout the perfusion. Solutions PTu, GTu, and GBu were 
sampled simultaneously from the container and the terminal end of the 
administration set. All containers and tubing were stored between 26 and 
28' under fluorescent light. 


Two-tailed t tests (26) were used to compare the sample means. When 


No. 161, lot 2AE55B, exp. Mar. 1, 1980, Eli Lilly and Co., Indianapolis, IN 


SDM No. 17, lot J17-Hl2, drum no. 2, ICI Americas, Inc.. Specialty Chemicals 


8 Serum bottle S-l04E, No. 223738, Wheaton Industries, Millville, NJ 08332. 
No. 224124, Wheaton Industries. 


10 No. 224193, Wheaton Industries. 
No. 2B1322, lot CP412X0, exp. Mar., 1980, Travenol Laboratories, Deerfield. 


l2 No. 2A1322, lot G431L2, exp. Nov., 1979, Travenol Laboratories. 
13 No. 2A0062, lot G454R6A, exp. Mar., 1980, Travenol Laboratories. 
l4 Solution administration set, minidrip 60 drops/nil, no. 2C0002, lot H259W1, 


l5 Buret solution administration set with ball valve, minidrip 60 dropdml, No. 


46206. 


Division, Wilmington, DE 19897. 


IL 60015. 


Travenol Laboratories. 


2C0132, lot U18X3, Travenol Laboratories. 


0022-35491 821 0 100-0055$0 1.00/ 0 
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Table I-Nitroglycerin Stock Solutions * 


Initial 
Nitroglycerin 


Concentration, Nitroglycerin Storage 
Symbol mdml  Sourceb Position Light Exposure Temperature 


~ ~~ ~ ~ ~~ ~~ ~ ~ ~~ ~ ~~~ ~ ~ ~ ~ ~ ~~~~ 


VRT 1.0' Tablets Upright Fluorescent 22-30' vu 1.0' Tablets Inverted Fluorescent 22-30" 
VF 1.oc Tablets Upright Dark (foil-wrapped) 22-30' vo 1.0c Tablets Upright Dark 38' 
VR 1.0' Tablets Upright Dark 6' 
VT 0Bd Tablets Upright Fluorescent 22-30'' 
VP 0.8d Powder Upright Fluorescent 22-30' 


a Containers were multidose vials (5 ml) with rubber stoppers, and the vehicle was (1.0 mg/ml) saline. Tablets were 0.4-mg sublingual tablets, and powder was 10% 
The stability of nitroglycerin solutions (0.8 and 1.0 rng/ml) was measured (w/w) nitroglycerin-lactose adsorbate. Vials were prepared from the same nitroglycerin solution. 


a t  the same time. 


Table 11-Nitroglycerin Intravenous Solutions (Initial Concentration, 0.2 mg/ml) 


Perfusion 
Administration Rate, Nitroglycerin Storage 


Symbol" Containerb Set ml/min Source' Vehicled Light Exposure Temperature 
GRT Bottle - 


Bottle - GF 
Bottle GO 


GR Bottle 
PRT Bag 
PF Bap 


- 
- 
- 
- 


PO Bae 


GTu Bottle Tubing (1.8 m) 
PTu Bag Tubing (1.8 m) 
GBu Bottle Tubing (2.1 m) 


with buret 


Tablet 
Tablets 
Tablets 
Tablets 
Tablet 
Tablets 
Tablets 
Tablets 
Tablets 
Powder 
Tablets 


Tablets 
Tablets 
Tablets 


Saline 
Saline 
Saline 
Saline 
Saline 
Saline 
Saline 
Saline 
Saline 
Saline 
5% dextrose 


in water 
Saline 
Saline 
Saline 


Fluorescent 
Dark (foil-wrapped) 
Dark 
Dark 
Fluorescent 
Dark (foil-wrapped) 
Dark 
Dark 
Fluorescent 
Fluorescent 
Fluorescent 


Fluorescent 
Fluorescent 
Fluorescent 


28-30' 


38' 
6' 


28-30' 


38' 
6' 


26-28' 


2 ~ 0 0  


2 ~ 0 0  


26-28' 


Stability of solutions GRT through PR was measured separately from that  of solutions GT through GBu. Bottle was inverted glass infusion bottle, 250 ml; bag was 
Saline was 0.9% saline. plastic infusion bag, 250 ml. Tablets were 0.4-mg sublingual tablets; powder was 10% (w/w) nitroglycerin-lactose adsorbate. 


the data could be fitted to the equation of a straight line, slopes were 
statistically tested (27) for difference. 


RESULTS 


T o  assess the uniformity of the nitroglycerin source, solutions were 
prepared from different samples of tablets or powder (five tablets or -20 
mg of powder/sample). The HPLC peak height responses were 34.4 f 
1.5 cm/mg of tablet and 296 f 14 cm/mg of powder. 


Although a glass syringe was used in this study to transfer nitroglycerin 
solutions, hospital personnel often use plastic, disposable syringes. The 
concentration in 50 ml of a nitroglyerin solution (1.0 mg/ml) was mea- 
sured before and after two successive l-min exposures to a 50-ml plastic 
syringe. Concentration did not change significantly after contact with 
the syringe. 


USP XX (28) specifications allow the average potency of sublingual 
nitroglycerin tablets to vary 20% from the labeled strength. The con- 
centration of nitroglycerin stock solutions (1.0 mg/ml) prepared from 
tablets in saline and stored upright in multidose vials under fluorescent 
light a t  22-30' decreased 20% after 87 days and 35% after 6 months 
(Solution VRT, Table 111). When the vials were stored at  38' (VO), ni- 
troglycerin concentration decreased 20% after 50 days and 67% after 6 
months. Solutions that were protected from light (VF) showed decreases 
of 20% after 98 days and 31% after 6 months. When vials were stored in- 
verted (VU), the concentration decreased 20 and 58% after 2 days and 
6 months, respectively. In nitroglycerin solutions stored upright a t  6" 
(VR), no change in concentration was observed over 6 months. Nitro- 
glycerin stock solutions prepared from tablets at  0.8 mg/ml (VT) declined 
in concentration by 20% in 87 days and by 41% in 6 months. Similar so- 
lutions prepared from powder (VP) had concentration decreases of 20 
and 43% after 82 days and 6 months, respectively. 


The observed concentration changes were linear with time during the 
study for all solutions except those stored inverted (VU). The rate of 
concentration change in solutions stored at  22-30' under fluorescent light 
differed from that in solutions stored a t  6 or 38' ( p  < 0.001, Fig. 1) but 
did not significantly differ from that in solutions protected from light. 


The rate of concentration change was independent of the initial con- 
centration (0.8 or 1.0 mg/ml) and the source of the nitroglycerin (powder 
or tablet). The concentration of solutions stored inverted differed sig- 
nificantly from that in solutions stored upright after 1 month ( p  < 0.001, 
Fig. 2). 


The concentration of intravenous nitroglycerin solutions (0.2 mg/ml) 
stored in plastic bags differed from the initial concentration after 1.3 hr, 
regardless of storage temperature or exposure to light ( p  < 0.05). After 
8 hr, the concentration of solutions stored under fluorescent light a t  
2€L30° (Solution PRT) in the dark at  2%30" (PF), 38" (PO), or 6' (PR) 


Table 111-Stability of Nitroglycerin Stock Solutions 


Predicted Time 
for Nitro- Decrease in 


glycerin Con- Nitroglycerin 
concentration to Concentration, % 
Decrease 20%. 1 3 6 


Variablesn days Month Months Months 


Tablet solutions, 1.0 mg/ml 


upright (VR) 


inverted (VU) 


upright (VF) 


6'. dark, - -11 -5 -8 


38', dark, upright (VO) 50 23= 5 l C  67' 
22-30', light, 2 3gC 5SC 5SC 


22-30', dark 98 2 26' 31' 


22-30', light, 87 5 2gC 35c 


0 Nitroglycerin solutions were prepared in 0.9% saline and packaged in multidose 
vials. Variables included initial concentration; nitroglycerin source, and storage 
conditions. Values were predicted by least-squares method except VU, which was 
estimated graphically. Significantly different from initial ( p  < 0.05). 
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Figure 1-Effect of temperature on nitroglycerin stock solutions, (p 
< 0.001). Solutions (1.0 mglml) were prepared from tablets in saline, 
packaged in multidose vials and stored upright. Key: 0, 6', Solution 
VR; m, 22-30', Solution VRT; and A, 38", Solution VO. 


decreased 44,38,46, and 14%, respectively. The concentration decrease 
of solutions stored a t  28-30' under fluorescent light differed from that 
of solutions stored a t  6' (p < 0.001) but did not differ from that of solu- 
tions protected from light for 52 hr. After 27 hr, the concentration de- 
crease of solutions stored a t  38" (68%) differed significantly (p < 0.001) 
from that of solutions stored a t  28-30' (61%). 


The concentration of intravenous nitroglycerin solutions (0.2 mglml) 
stored in glass bottles under fluorescent light at 28-30' (Solution GRT) 
or in the dark a t  28-30" (GF), 38' (GO), or 6' (GR) did not differ sig- 
nificantly from the initial value after 52 hr. The rate of concentration 
change did not differ among these solutions. In a separate comparison, 
the concentration of nitroglycerin solutions stored in glass bottles de- 
creased <18% after 24 hr a t  2&28" under fluorescent light when solutions 
were prepared from powder in saline (GP), tablets in 5% dextrose solution 
(GD), or tablets in saline (GT). The rate of concentration change was 
independent of the vehicle (5% dextrose solution or saline) and of the 
source of nitroglycerin (tablet or powder). 


At 1.3 hr, the nitroglycerin concentrations (expressed as a percentage 
of the initial value) in solutions stored in plastic bags were as follows: 


40 - 


20 - 


I I I 
50 100 150 
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Figure 2-Effect of contact with the rubber stopper of multidose vials 
on nitroglycerin concentration (p < 0.001). Solutions (1.0 mglml) were 
prepared from tablets in saline and stored a t  22-30" under fluorescent 
light. Key: 0,  stored inverted, Solution VU; and m, stored upright, 
Solution VRT. 
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Figure 3-Effect of glass and plastic intravenous containers on nitro- 
glycerin concentration (p < 0.01). Solutions (0.2 mglml) were prepared 
from tablets in saline and stored at 28-30° under fluorescent light. Key: 
0,  glass bottles, Solution GRT; and m, plastic bags, Solution PRT. 


under fluorescent light a t  28-30", 85% in the dark at 28-30', 87%; a t  6O, 
90%; and a t  38", 79%. Similarly, after 1.3 hr, solutions stored in glass 
bottles under identical conditions had concentrations that were 100,103, 
108, and 105% of the initial value, respectively. The values for solutions 
stored in plastic bags were different in all instances from the values for 
solutions stored in glass bottles ( p  < 0.01, Fig. 3). 


When intravenous nitroglycerin solutions were packaged in glass (G) 
or plastic (P) containers and perfused through administration sets, 
concentration decreases occurred in the bulk solution remaining in the 
container and the solution perfusing the administration set. Concen- 
tration changes in the bulk solution were not significantly different from 
those in similar solutions without an administration set. However, con- 
centration changes following perfusion of the administration sets were 
significant in all solutions (p < 0.001). 


The mean concentration decrease of the solution perfusing adminis- 
tration tubing for 8 hr from a glass container (GTu) was 37% of nitro- 
glycerin concentration in the container and differed (p < 0.02) from that 
of the solution perfusing tubing with a buret (50%, GBu). The mean de- 
crease after perfusion of tubing from a glass container also differed from 
that of identical tubing attached to a plastic bag (27%, PTu, p < 0.02, 
Table IV). The largest decrease in nitroglycerin concentration occurred 
during the 1st hr of perfusion. After 4 hr, concentrations no longer 
changed with time and decreases in concentration remained as follows: 
tubing from glass bottle, 35% tubing with buret from glass bottle, 55%; 
and tubing from plastic bag, 20% (Fig. 4). 


Following an 8-hr perfusion, the mean decrease from the initial ni- 
troglycerin concentration for the total administration system (container 


u 90 -I 
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HOURS 
Figure 4-Concentration of nitroglycerin solutions after perfusion of 
administration sets a t  0.5 mllmin relative to concurrent container 
concentration (p < 0.001). Key: m, plastic intravenous bag, tubing 
without buret, solution PTu; 0, glass intravenous bottle, tubing without 
buret, Solution GTu; and A, glass intravenous bottle, tubing with buret, 
Solution GBu. 
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Table IV-Effect of the Administration Set or System on the 
Stability of Nitroglycerin Solutions 


U 


I 1 1 I I I I I 
1 2 3 4 5 6 7 8  


HOURS 
Figure 5-Decrease from initial nitroglycerin concentration in con- 
tainer afterperfusron of sets at 0.5 mllmin (p  < 0.001). Key: .,plastic 
intrauenous bag, tubing without buret, Solution PTu; 0 ,  glass intra- 
venous bottle, tubing without buret, Solution CTu; and A, glass intra- 
venous bottle, tubing with buret, Solution GBu. 


plus administration set) was 38% for tubing with a glass bottle (GTu), 
51% for tubing with buret and a glass bottle (GBu), and 50% for tubing 
with a plastic bag (PTu). The decrease that occurred when tubing was 
used with a plastic bag differed ( p  < 0.01) from that of the system of 
tubing and a glass bottle but did not differ from that of the system of 
tubing with buret and a glass bottle (Table IV, Fig. 5). 


DISCUSSION 


The stability of nitroglycerin stock solutions (0.8-1.0 mg/ml) did not 
depend on exposure to light or the nitroglycerin source. However, ni- 
troglycerin concentration significantly decreased with time in solutions 
stored at  elevated temperatures or in contact with rubber stoppers (Figs. 
1 and 2). Nitroglycerin stock solutions in upright multidose vials were 
refrigerated for -6 months without a significant decrease in concentra- 
tion. Storage of the vials at  room temperature resulted in a 20% decrease 
in nitroglycerin concentration after -3 months (Table 111). The marked 
decrease in nitroglycerin concentration following contact of solutions with 
rubber stoppers suggests that any vial found inverted or on its side should 
be discarded or that an all-glass packaging system (e.g., ampul) should 
be used. 


The stability of intravenous nitroglycerin solutions (0.2 mg/ml) was 
not dependent on the vehicle, nitroglycerin source, or exposure to light. 
Storage in glass bottles for 24 hr a t  6-38' resulted in a maximum loss of 
18%. However, during storage in plastic infusion bags or during perfusion 
of plastic administration sets, nitroglycerin concentration decreased 
significantly with time (Figs. 3-5). Administration tubing with a buret 
removed more nitroglycerin from solution than did tubing without a 
buret. The increased stability realized by packaging nitroglycerin solu- 
tions in glass rather than plastic was negated when administration tubing 
with a buret was used instead of tubing without a buret (Table IV and 
Fig. 5). 


Other studies have similarly reported minimal concentration changes 
in nitroglycerin solutions refrigerated in multidose vials for up to 6 
months (19.20). Autoclaving nitroglycerin solutions (400 pg/ml) at 121' 
for 20 min resulted in a 5% decrease in concentration (19). However, 
storage of nitroglycerin solutions in inverted multidose vials for 1 month 
resulted in a 45% decrease in nitroglycerin concentration (18). 


Similar losses of nitroglycerin from solutions stored in plastic bags have 
been reported, but reports on the stability of nitroglycerin solutions 
stored in glass bottles were conflicting (17,18,20-23). However, stability 
in glass bottles was greater than that in plastic bags (18,21-23). Contact 
of solutions with plastic administration sets resulted in 15-75% decreases 
in nitroglycerin content (21,23,24). 


Nitroglycerin formulations may exhibit instability by degradation, 
volatilization (29, 30). intertablet migration (11, 30), and sorption by 
packaging materials (13, 15, 30, 32). Nitroglycerin degrades by hydrolysis 
to mono- or dinitroglycerin (15) and, at  elevated temperatures, to nitric 
acid and glycerol (33). Microbial degradation also has been reported (34). 
Sorption of nitroglycerin by rubber surfaces was reported for aqueous 
solutions (18) and propylene glycol-ethanol solutions (35) of nitroglyc- 
erin. Nitroglycerin was recovered by methanolic extraction from plastic 


Administration 


Mean Decrease in Nitroelvcerin 
I- 


Concentration, %* 
Administration Administration 


System" Set Alone System 


Glass bottle, tubing with buret 5OC 5Id 


Glass bottle, tubing without buret 37 38 


Plastic bag, tubing without buret 27c 50d 


(GBu) 


(GTu) 


(PTu) 
a Container and administration set. * Percent decrease in the nitroglycerin 


concentration of solutions perfused through administration sets (0.5 ml/min). 
c Significantly different from GTu ( p  < 0.02). d Significantly different from GTu 
(p < 0.01). 


bags (22) and was reported to leave an oily residue on glass (36). 
The sorption of nitroglycerin during perfusion of the plastic admin- 


istration sets in this study may have occurred by two processes. Nitro- 
glycerin may have first adsorbed onto the tubing in a concentrated layer 
and then absorbed into the plastic matrix while nitroglycerin from the 
solution replenished the concentrated layer. Until the surface layer was 
saturated, adsorption was rapid with respect to the perfusion rate, and 
nitroglycerin was largely removed from solution. As saturation of the 
concentrated layer occurred, the extraction ratio of nitroglycerin declined; 
nitroglycerin concentration in the solution emerging from the tubing rose 
to a constant fraction of that  in the container (Fig. 4). While adsorption 
may have accounted for the initially rapid clearance of nitroglycerin by 
the tubing, a greater quantity of nitroglycerin probably was removed by 
absorption (37). 


Adsorption and absorption were capacitance (surface area) and per- 
fusion rate limited. The nitroglycerin concentration decreased faster and 
remained lower when the surface area perfused by the solution was in- 
creased by the use of administration tubing with a buret rather than 
tubing without one (Fig. 4). Similarly, concentration decreases were more 
rapid and extensive a t  slower perfusion rates (24) as a result of the in- 
creased contact time between the solution and the surface of the ad- 
ministration set. 


The reversible nature of nitroglycerin sorption to plastic could account 
for the observation that the tubing attached to bags removed a smaller 
percentage of nitroglycerin than did identical tubing attached to bottles 
(Table IV). Adsorption of the concentrated layer may have reached 
equilibrium during the first 1 or 2 hr of perfusion when the nitroglycerin 
concentration in the bag was relatively high. As the nitroglycerin level 
decreased in the bag, the solution perfusing the tubing was too dilute 
relative to the concentrated layer, and nitroglycerin desorbed into the 
solution. Consequently, the effect of the tubing on the nitroglycerin 
concentration was lessened. 


The short contact of nitroglycerin solutions with a plastic syringe, 
unlike the longer contact with administration sets, was not associated 
with a decrease in nitroglycerin concentration. Plastic syringes may be 
used for the transfer of nitroglycerin solutions, but prolonged storage of 
nitroglycerin solutions in plastic syringes may result in a decreased 
concentration. 
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Abstract 0 T h e  preparation and screening of some potential ant ima-  
larials are  reported. The  new compounds which are  inactive as  antima- 
larials are  several benzene-, benzyl-, and fluorene thioacetals, 8-disulfones 
derived from these thioacetals, tu-chlorobenzyl sulfones, amides, and 
thioesters derived from 4-dichloromethylbenzoyl chloride and 4-tri- 
chloromethylbenzoyl chloride. T h e  known compounds bis(4-amino- 
pheny1)sulfone and 4’-aminophenyl-4-aminohenzene thiolsulfonate also 
were prepared and showed some antimalarial activity. 


Keyphrases  0 Antimalarials-preparation of new thioacetals, sulfones, 
and 4-dichloromethylhenzoyl and 4-trichloromethylhenzoyl chloride 
derivatives 0 Thioacetals-preparation of potential antimalarials 0 
Sulfones-- preparation of potential antimalarials 0 Derivatives-of 4- 
dichloromethylhenzoyl and 4-trichloromethylbenzoyl chloride, prepa- 
ration of potential antimalarials 


Malaria is still an important health problem in tropical 
areas. Various factors contribute to this situation including 
the development of malaria strains resistant to known 
antimalarials. This development has led to a t  least one 
recent antimalarial program (1). The purpose of the 
present work was to prepare potential antimalarials based 


on two model systems of known antimalarials, 1,4-bis- 
(trichloromethy1)benzene which has been known as an 
active antimalarial for many years (Z), and derivatives of 
bis(4-aminopheny1)sulfone which are more useful as 
suppressives than as therapeutic agents (3) .  


The synthesized compounds (Scheme I) share similar- 
ities with known antimalarials (2 ,3) .  The  trichlorometh- 
ylaryl derivatives had no antimalarial activity, but the 
a-disulfone VIIIb and the thiolsulfonate IXb showed some 
antimalarial activity. 


RESULTS AND DISCUSSION 


Thioacetals may he prepared by various methods (4-6) among which 
the reaction of gem-dihalides with sodium thiolates is a convenient one. 
Compound Ia (Table 1) was prepared from henzal chloride and a 
triethylammonium thiophenolate whereas VIIa was formed easily from 
the gem -dihalide and a thiophenol. Acid-catalyzed reactions between 
4-(trichloromethyl)henzaldehyde and various thiophenols gave the  
thioacetals Ic, Id ,  and IIIa. 


Two methods considered for t h e  preparation of @-disulf‘ones were a 
reaction of triethylammonium sulfinates with gem -dihalides or an oxi- 
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appeared to be mutagenic (60 revertants/l5 pg). I t  should be stressed, 
however, that these are preliminary studies and would have to be con- 
firmed using other tester strains of Salmonella typhimurium. 
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Abstract a A radioimmunoassay for the quantitation of meobentine 
sulfate, a novel antidysrhythmic and antifibrillatory agent in biological 
fluids, is described. Antisera were raised in rabbits in response to im- 
munization with a conjugate of bovine serum albumin and a meohentine 
analog with a propionic acid sidechain ortho to the methoxyl group. These 
antisera have low affinities for N -  and 0-desmethylmeobentine metab- 
olites, which show less than 5% cross-reaction in radioimmunoassay 
procedures employing either tritiated or radioiodinated radioligands. 
The radioimmunoassay using [1251]meobentine was capable of detecting 
<0.4 ng/ml(4O-pg mass) of meobentine. This assay was used to demon- 
strate the absorption of meobentine in humans after oral administration 
and also permitted studies of meobentine sulfate disposition in human 
plasma following two (2.5 and 5 mg/kg) oral doses. Mean peak meobentine 
concenlrations in plasma occurred 3 hr postdose in both cases and were 
230 and 451 ng/ml following the 2.5- and 5-mghg doses, respectively. The 
approximate mean terminal half-life after all treatments was 12 hr. 


Keyphrases Meobentine sulfate-plasma levels in humans, radio- 
immunoassay a Bioavailability-plasma levels of meobentine sulfate 
in humans determined by radioimmunoassay Radioimmunoassay- 
plasma levels of meohentine sulfate in humans 


Meobentine sulfate [bis-(N-4-methoxybenzyl-N’- 
N” ,dimethylguanidinium)sulfate] possesses marked an- 
tidysrhythmic properties against arrhythmias induced by 
ouabain and those induced by coronary artery ligation in 
dogs (1). It has been demonstrated that meobentine causes 
a significant incidence of spontaneous recovery from 


electrically induced fibrillation in the dog’. The electro- 
physiological properties of meobentine have been studied 
(2). Although very close in structure to the hypotensive 
agent, bethanidine (3), meobentine is not a neuronal 
blocking agent and thus, does not decrease blood pressure 
in animals when administered intravenously a t  effective 
antidysrhythmic doses (1). In this respect, meobentine also 
appears to be superior to the quaternary ammonium 
compound bretylium tosylate, which is indicated only for 
treatment of life-threatening ventricular arrhythmias (4) 
due to its severe hypotensive side effects. 


The clinical safety and efficacy of meobentine sulfate 
when administered to humans by oral and parenteral 
routes are currently under study. Pharmacokinetic studies 
of meobentine in animals and humans, which are needed 
to facilitate the evaluation of meobentine in current clinical 
trials, require adequately sensitive and specific procedures 
for the determination of the drug in body fluids. Earlier 
gas and thin-layer chromatographic techniques lacked 
sensitivity, while administration and quantitation of ra- 
diolabeled meobentine is impractical for extensive phar- 
macokinetic studies in humans. 
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Radioimmunoassay methods have been applied in- 
creasingly to the quantitation of drugs ( 5 6 ) .  This report 
describes the development of sensitive and specific ra- 
dioimmunoassay procedures for meobentine, employing 
tritium or radioiodine ligands. The sensitivity limit for the 
procedure using the 1251-labeled meobentine was <0.4 
ng/ml (40-pg mass), while interference with desmethyl 
metabolites of the drug was minor. These analytical pro- 
cedures were used to demonstrate the absorption of meo- 
bentine after oral administration to healthy subjects and 
to explore the relationship of plasma concentrations and 
relative oral bioavailability to the oral dose adminis- 
tered. 


EXPERIMENTAL 


Chemicals-Thin-layer chromatography (TLC) employed micro- 
polyamide on a nylon support2 or silica gelJ on a glass support4. Radio- 
chemical purities were determined by scanning thin-layer plates on a 
radiochromatogram scanner5. Bovine serum albumin6 isobutyl chloro- 
format@, Freund’s complete adjuvant7, [1z51]sodium iodide8, and poly- 
ethylene glycol 6oOO9 were obtained commercially. Methyl isothiocyanate, 
4-hydroxybenzaldehyde, and 5% palladium on charcoal were obtained 
from a single supplierlo, as were chloramine-T and N-nitrosomethyl 
urea”. Beta-emitting radionuclides (3H and I4C) were quantitated in 
scintillation fluidI2 in a scintillation counter13. Gamma radiation was 
quantitated in a ~pectrometerl~.  N-Desmethylmeobentine was a giftIs, 
as also were guanethidine16, clonidine17, guanabenzl8, propranolol’g, 
isoproterenoPO, and procainamideZ1. 


Immunogen Preparation-3-(5-Cyano-2-methoxyphenyl)- 
propionic Acid (IZ)-A mixture of 10 g of 3-(5-bromo-2-methoxyphen- 
y1)propionic acid (I) (7), cuprous cyanide (15 g), and pyridine (20 ml) was 
heated with stirring in a bath a t  200’ for 4 hr. The cooled material was 
triturated with water (150 ml) and filtered, and the solid mass of copper 
salts was extracted with warm dilute sodium hydroxide solution (2 X 100 
ml). Acidification of the combined aqueous filtrates gave 7 g of the crude 
acid (11) mp 142-146O. Recrystallization from aqueous ethanol and then 
from benzene raised the mp to 147-148’ (4.7 g). 


Anal.-Calc. for C I ~ H I I N O ~ :  C, 64.39; H, 5.37; N, 6.83. Found: C, 63.53; 
H, 5.23; N, 6.32. 


3- (5-Aminomethyl-2-rnethoxypheny1)propionic Acid (Ill)-A mix- 
ture of 4.5 g of the cyano-acid (11) in ammonium hydroxide solution (35%; 
30 ml) containing a nickel catalystz2 (-2 g) was stirred under hydrogen 
a t  lo7 N/m2 and 100’ for 4 hr. The mixture was filtered and the filtrate 
was evaporated to dryness. The resulting greenish solid was extracted 
with warm water (3 X 10 ml) and the extracts were freed from nickel salts 
by passage of H2S followed by filtration. The amino acid (III), isolated 
by evaporation in uacuo, crystallized from aqueous ethanol in colorless 
platelets (2.5 g) mp 218-219’ (dec). 


Anal.-Calc. for CllH15NOS: C, 63.2; H, 7.2; N, 6.7. Found: C, 63.09; 
H, 7.32; N, 6.78. 


3- (2-Methoxy-5- (N’,N”-dirnethylguanidinomethyl)phenyl]-pro- 
pionic Acid (VI)-Methyl isothiocyanate (0.92 g) in ethanol (40 ml) was 
added to a solution of 2.4 g of the amino acid (111) in 1 M NaOH solution 
(12 ml). Sulfuric acid (0.5 M ,  12 ml) was added 24 hr later, followed by 
acetone (100 ml). The solution was filtered from inorganic material and 


Schleicher and Schull, Inc., Keene, N.H. 
GF254, E. Merck and Co., Elmsford, N.Y. 
E. Merck and Co., Elmsford, N.Y. 
Berthold LB2760, Beta Analytical Inc., Coraopolis, Pa. 
BSA, Cohn Fraction V, Sigma Chemical Co., St. Louis, Mo. 
Difco Labs, Detroit, Mich. 
Amersham Corp., Arlington Heights, Ill. 
Fisher Scientific Co., Raleigh: N.C. 


lo Aldrich Chemical Co., Milwaukee, Wis. 
I1 Eastman Organic Chemicals, Rochester, N.Y. 
l2 Aquasol-2, New England Nuclear Corp., Boston, Mass. 
l3 Model 2650, Packard Instrument Co., Downer’s Grove, Ill. 


l5 Dr. F. Copp, Wellcome Research Labs, Beckenham, U.K. 
l6 Ciba-Geigy, Inc., Summit, N.J. 
l7 Boehringer-Ingelheim, Ingelheim, West Germany. 


Wyeth Labs, Inc., Radnor, Pa. 
l9 Ayerst Labs, New York, N.Y. 
2o Winthrop Labs., New York, N.Y. 
21 E. R. Squibb and Sons, Princeton, N.J. 
22 Raney nickel. 


Model 5260 Autogamma, Packard Instrument Co., Downer’s Grove, Ill. 


treated with methyl iodide (10 ml). After 1 hr the mixture was evaporated 
in uacuo and the residue was treated with 30% aqueous methylamine 
solution (40 ml). Gentle warming on a steam bath for 1 hr followed by 
evaporation to dryness yielded the product as a waxy solid. Recrystalli- 
zation from isopropyl alcohol and then from water afforded colorless 
needles, mp 201-204’ (0.9 g). 


Anal.-Calc. for C14H21N303: C, 56.56; H, 7.80; N, 14.14; 1H20,6.06. 
Found: C, 56.23; H, 8.13; N, 13.87; loss a t  100°/VAC 6.06. 


3- [a-Methoxy-5 (N’,N”-dimethylguanidinomethyl)phenyl]propionic 
Acid Bovine Serum Albumin-Conjugate-A solution of the guani- 
dino-propionic acid (VI) (0.05 g, 0.168 mM) in a warm, 20-ml mixture 
of dimethyl sulfoxide-dimethylformamide (2:l) was cooled to 0’. Tri- 
ethylamine (0.035 liter, 0.252 mM) and isobutyl chloroformate (0.025 
liter, 0.190 mM) were added and the solution was stirred for 1 hr a t  0’. 
This cold (0’) solution of the mixed anhydride was added dropwise to 
a solution of bovine serum albumin (0.080 g, 0.065 mM €-amino lysine 
residues) in 160 ml of a 0.1 M sodium bicarbonate solution a t  0’ and the 
mixture was stirred overnight a t  4’. After filtering insoluble material, 
the solution was pressure dialysed through a membrane-containing filter 
unitz3 (50 psi, 2 liter HzO), and finally lyophilized, yielding an amorphous 
powder (0.075 g). 


Synthesis of Radiolabeled Compounds-[[”H]bis(N-4-methoxy- 
benzyl-N’,N”-dirnethy1guanidinium)sullate-This compound was 
prepared by a supplier under contract, using general tritium exchange 
procedures. The specific activity of this compound was estimated to he 
0.8 CilmM. 


Bis[N- (3-iodo-125-4-metho~ybenzyl)-N’,N”-d~methy/guanidinium]- 
sulfate (VIZI). 


N-4-Hydroxybenzyl-N‘,N”-dimethylguanidinium iodide ( Vl1)- 
Prepared as described previously (8). 


Bis[N - (Siodo-125,4-hydroxybenzyl) - N‘,N”-dimethylguanidin- 
ium]sulfate (VIII)-To VII sulfate (2.7 pg, 11.2 nM) in phosphate buffer 
(70 pl, 0.5 M ,  pH 7.7) contained in a small test tube was added carrier-free 
[‘251]sodium iodide (1.12 nM, 2 mCi) in 20 pl of dilute sodium hydroxide 
followed by a freshly prepared solution of chloramine-T (47.25 pg, 0.168 
p M )  in phosphate buffer (25 pl, 0.05 M ,  pH 7.7). After 1 min of agitation, 
a freshly prepared solution of sodium metabisulfite (0.64 mg, 3.36 p M )  
in phosphate buffer (100 pl, 0.05 M ,  pH 7.7) was added tostop the reac- 
tion. The entire reaction mixture was then applied to the origin of a mi- 
cropolyamide TLC plate (0.1 mm, 20 X 20 cm) and allowed to dry. 


Bis [N- (3-iodo- 125,4 -methoxybenzyl)- N‘,N”-dimethylguanidiniurn]- 
sulfate (IX)-To the origin of the TLC plate containing the iodinated 
phenolic guanidine VIII was repeatedly applied an ether solution of di- 
azomethane prepared from N-nitrosomethyl urea (5 g) (9). The plate was 
then developed in the system HzO-triethylamine (1001) and then al- 
lowed to expose an X-ray film. Radioiodine-containing material re- 
maining at the origin was eluted with methanol (3 X 5 ml) and the solution 
was stored at  -80’. The specific activity of the material obtained (1 mCi) 
was estimated to be 179 CilmM. Radiochemical purity was established 
by TLC on silica gel in the system n-butanol-methanol-water-acetic acid 
(4:202010) in which the Rf  (0.6) of the iodinated product was identical 
to that of unlabeled meobentine sulfate. 


Immunization Procedures-Male New Zealand white rabbits re- 
ceived a primary immunization of bovine serum albumin-drug conjugate 
(1 mg) in 0.9% saline (1 ml) emulsified with Freund’s complete adjuvant 
(1 ml) as two intramuscular (vastus lateralis) and eight subcutaneous 
injections (along each side of the dorsal column) of 0.2 ml each. At in- 
tervals of 2,4, and 6 weeks following the primary immunization, and at  
monthly intervals thereafter, booster immunizations of immunogen (0.5 
mg) in saline (0.5 ml), emulsified with Freund’s complete adjuvant (0.5 
ml), were administered at multiple subcutaneous sites. Following the 
second and all subsequent booster immunizations, blood samples were 
collected from the central ear artery and the serum was separated and 
stored a t  -80’. 


Clinical Studies-Six healthy subjects (three male and three female) 
each took 2.5 mg/kg of meobentine sulfate and then 5.0 mg/kg 1 week 
later. (One male subject did not complete the study a t  the higher dose.) 
The drug was administered in 100 ml of water. Plasma was sampled be- 
forehand and a t  0.25,0.5,0.75,1,1.5,2,3,4,6,8,24,32,48, and 56 hr af- 
terwards. Samples were taken by collecting 5-ml venous blood into a 
lithium heparin tube which was immediately centrifuged. The separated 
plasma was then immediately removed and stored a t  -20’ until as- 
sayed. 


Radioimmunoassay Procedures-The assay buffer used throughout 
these studies was 0.05 M NazHP04,0.15 M NaCl, and 0.01 M edetic acid, 


23 PM-10 filter unit, Amicon Corp., Danvers, Mass.. 
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pH 7.0, containing 0.02% bovine serum albumin. Antibody-bound and 
free radioligand were separated by addition of polyethylene glycol 6000 
at  a concentration of 130 g/liter in assay buffer. After incubating with the 
polyethylene glycol 6000 for 30 min at O", the immunoglobulins were 
pelleted by centrifugation (4000Xg) for 30 min a t  4' and the supernate, 
containing free radioligand, was decanted. For assays employing the 
tritium label, the immunoglobulin pellet was redissolved in assay buffer 
(0.3 ml), scintillation fluid was added (3 ml), and the vials capped, mixed, 
and placed in specially prepared vials for liquid scintillation counting. 
For assays employing the radioiodine label, the tubes containing the 
immunoglobulin pellets were placed into a gamma counter. All assay 
points were established in duplicate. Raw scintillation counter data were 
automatically entered and stored in a computer file for later processing 
by computer program. All meobentine concentrations determined by 
radioimmunoassay are expressed as meobentine-free base, while doses 
administered are expressed as meobentine sulfate. 


Iz5I -  SODIUM IODIDE 


CHLORAMINE-T 
y 2  CH2 


I N hl 


m 


OCH3 051 \ 


Ix 
Scheme I1 


Antiserum Titrations-Varying dilutions of antiserum in assay buffer 
(0.5 ml) and normal blank plasma (0.1 ml; dog, rat, or human) were in- 
cubat,ed with (3H]meobentine (2 ng, 12,000 dpm) in buffer (0.5 ml) or 
[1251]iodomeobentine (0.25 ng, 40,000 dpm) in buffer (0.5 ml) overnight 
a t  4'. Background-binding tubes contained only radioligand and buffer. 
Aliquots of polyethylene glycol 6000 solution in assay buffer (1.1 ml) were 
added to the ice-cold incubation tubes, and the contents were vortex- 
mixed, incubated a t  0' for 30 min, and centrifuged (4000Xg, 30 min). 
After decanting the supernates, the immunoglobulin pellets were pre- 
pared for either liquid scintillation or gamma counting as described 
previously. The antiserum titer chosen for use in the radioimmunoassay 
was defined as that dilution which bound 40% of the total radioligand 
added. 


Antisera Specificity-To determine the specificity of the antisera, 


loor 


2 


-1 20 a 
I- ? 10 301 'i 
% %  


100 1,000 10,000 100,000 


Figure 1-Titration curves for meobentine antiserum used in the 
present experiments. Key: 0,  [3H]meobentine; 0, ['251]iodomeoben- 
tine. 


RECIPROCAL OF ANTISERUM DILUTION 
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loo r Table 11-Cross-Reactivities of Related Compounds in  
Meobentine Radioimmunoassay Procedures 


gO1 ao 


NHCH3 


R Q C , , - d  


NHR” R’ 


% Cross-Reactivity 
Tritium Radioiodine 


Compound Assay Assay 


Meobentine (R = OCH3, R’ = H, 100 (ICs0 = 100 (IC50 = 
R” = CH3) 22 ng/ml) 2.2 ng/ml) 


Hapten derivative (VI; R = OCH3, 116 340 


0-Desmethylmeobentine (R = OH, 4.7 2.3 
R’ = (CH&COzH, R” = CH3) 


R’ = H, R” = CH3) 


(R = OCHq. R’ = R” = H )  
N-Desmethylmeobentine 2.4 3.4 


Bethanidine TR = R’ = H, 
R ”  = CH,) 


4.7 4.7 


4-MethGbzhanidine NTa 41.0 


Guanethidine, guanabenz, clonidine, bretylium, guanidine, 1.1- 
(R = R” = CH3, R’ = H) 


dimethylguanidine, N,N’-dimethylurea, N,N’-dimethylthiourea, 
procaine, procainamide, lidocaine, propranolol, isoproterenol, and 
morphine all showed <0.001% cross-reactivity. 


NT-not tested. 


rivative (11) which was catalytically reduced to the benzylamine (111). The 
general method of Maxwell and Walton (8) was employed to convert the 
benzylamine derivative to IV, via the intermediates, IV and V. The 
synthetic scheme is shown in Scheme I. Elemental and spectral analysis 
established the identity of the hapten, which was coupled to bovine serum 
albumin by the mixed anhydride approach, described previously (11 ). 
No attempt to  quantitate the extent of hapten incorporation to the im- 
munogen was made. 


Radioligand Syntheses-p[”H]Meobentine-This compound was 
obtained from meobentine by catalytic exchange of tritium for hydrogen 
with subsequent removal of labile tritium. The resulting, generally tri- 
tiated radioligand had a relatively low specific activity (0.8 CilmM). This 
feature limits the usefulness of the radioimmunoassay employing I3H]- 
meobentine due to low sensitivity and lengthy scintillation counter 
times. 


[1251]lodomeobentine (IX)-The need for a radioligand with much 
higher specific activity to enable the development of a more efficient and 
sensitive radioimmunoassay for meobentine necessitated the synthesis 
of a meobentine analog containing iodine 125 (Scheme 11). An analog (and 


Table  111-Correlation of Plasma Meobentine Concentrations 
Determined by 3H- and  1251-Radioimmunoassayse 


I I I 
0.1 1 .o 10.0 100.0 


MEOBENTINE CONCENTRATION. nalml 


Figure 2-Meobentine standard curves for tritium and radioiodine 
radioimmunoassays: mean of 8 curves in each case. Key: 0 ,  r3H]meo- 
bentine; 0, [1251]iodomeobentine. 


the 0.1 ml of normal blank plasma added in the previously described 
procedure was replaced by 0.1 ml of increasing concentrations of meo- 
bentine, known metabolites, structurally related compounds, or various 
cardiovascular drugs in normal blank plasma. Incubation with radioligand 
and predetermined titer of antisera in assay buffer followed by isolation 
of the antibody-bound radioligand proceeded as described previously. 
Standard curves were expressed as percent BIB0 uersus log meobentine 
free base concentration, where Bo represents the amount (cpm) of labeled 
meobentine (3H or 1251) bound in the absence of any unlabeled meo- 
bentine, and B is the amount bound in the presence of a given drug con- 
centration (corrected for nonspecific binding). The cross-reactivity of 
each related compound was defined as the percentage ratio of the IC50 
for meobentine to that of the compound studied, where Ic50 is the con- 
centration of each respective compound required to inhibit binding of 
radioligand to antiserum by 50% (10). 


Radioimmunoassay of Unknown Plasma Samples-A series of meo- 
bentine standard solutions (2.5-250 ng/ml free base equivalents for 
3H-radioimmunoassay or 0.39-100 ng/ml for 1251-radioimmunoassay) 
in normal blank plasma (0.1 ml) was incubated with (3H]meobentine or 
(1251]iodome~bentine and appropriately diluted antiserum as described 
previously. Spiked control samples of meobentine in blank plasma (0.1 
ml) or unknown plasma samples appropriately diluted with normal blank 
plasma to enter the assay range were also incubated with radioligand and 
antiserum. Most unknown samples were assayed at two dilutions. Stan- 
dard curves were linearized by a logit-log computer transformation of 
BIB0 versus meobentine concentration data and unknown concentrations 
were determined by interpolation. 


Meobentine Concentration (ng/ml) 
Sample 3H-Radioimmunoassav 1251-Radioimmunoassav 


Human 255 264 
514 485 
524 390 
512 .un 
638 


--. 


613 
238 
281 


.__ 


254 
294 RESULTS 


Immunogen Synthesis-A propionic acid analog (VI) of meobentine, 
with the acid chain attached to the phenyl ring ortho to the methoxyl 
group, was prepared from 3-(5-bromo-2-methoxyphenyl)propionic acid 
(I) by displacing bromine with cuprous cyanide to give the 5-cyano de- 


Table I-Interassay Accuracy and  Precision of Meobentine 
Radioimmunoassay Procedures 


41 1 
516 


370 
566 


475 
9909 
2772 
1299 
a7 3 


.~ ~ 


495 
9341 
2559 
1215 
838 
538 618 


273 
353 
279 
256 


249 
315 
274 


Tritium Radioimmunoassay 
Spiked concentration” 3.0 15.0 30.0 150.0 
Mean measured concentration 2.7 14.6 28.8 142.8 
Coefficient of variation ( n  = 14) 11.1 5.5 5.2 6.0 


Radioiodine Radioimmunoassay 
Spiked concentrationa 0.90 3.0 30.0 
Mean measured concentration 0.86 2.9 33.2 
Coefficient of variation ( n  = 15) 5.8 8.6 7.5 


264 
204 
7335 
3478 
6568 
3470 
3900 


195 
7837 
3335 


Rat 


6799 
3583 
4097 


Concentration of meobentine sulfate (expressed as ng/ml free base equivalents) 
added to blank human plasma. 


~~~~ 


Linear Regression Analysis Parameters: correlation coefficient = 0.999, slope 
= 0.949, y-intercept (3H-radioimmunoassay) = 11.6 ng/ml. 


668 I Journal of Pharmaceutical Sciences 
Vol. 71, No. 6. June 7982 







- c 
r . ol 
C 


5 1.000 1 


Table IV-Model-Independent Pharmacokinetic Parameters  f o r  
Meobentine Sulfate (Mean f SO) 


Oral Dose Administered 
5.0 mg/kg (n  = 5) Parameter 2.5 mg/kg ( n  = 6) 


I- c 
a 
U 
I- 
2 
w 
0 
2 


8 


10 20 30 40 50 w z o  
TIME SINCE DRUG ADMINISTRATION, hr 


Figure 3-Mean plasma meobentine concentrations (expressed as free 
base) following oral administration to normal human oolunteers. Key: 
.,2.5 mglkg (n = 6); H, 5.0 mglkg (n = 5). 


metabolite) of meobentine, VII, was synthesized from 4-hydroxybenz- 
ylamine (8). The phenol (VII) was ortho-iodinated with [1251]sodium 
iodide by the method of Hunter and Greenwood (12). In situ methylation 
of the iodophenol with diazomethane followed by TLC purification af- 
forded iodomeobentine of high specific activity. 


Antisera Production-Two out of three rabbits immunized with the 
hapten produced useful antisera, detectable within 1 month and steadily 
increasing in titer with time. The highest titer elicited from the best rabbit 
was selected for further studies. Excess antibody bound > 90% of either 
radioligand and the working titers were 1/4000 and l/lOO,OOO for [3H]- 
meobentine and [1251]iodomeobentine, respectively (Fig. 1). 


Assay Sensitivity a n d  Precision-The sensitivity limit of the ra- 
dioimmunoassay for meobentine sulfate employing a tritium or radio- 
iodine label (defined as the concentration of unlabeled meobentine 
producing 10% inhibition of maximal [3H]meobentine or [1251)io- 
domeobentine hinding) was 2.5 or 0.39 ng/ml, respectively. Typical mean 
standard curves for the two assay procedures are shown in Fig. 2; the 
coefficient of variation around each standard concentration point was 
<lo%. Further confirmation of interassay precision was provided by the 
low coefficient of variation around means of assayed spiked plasma 
controls varying across the range of assay sensitivity (Table 1). 


Assay Specificity-Specificity data of this antiserum for meobentine, 
some known metabolites, and structurally related compounds are sum- 
marized in Table I1 for both tritiated and radioiodinated meobentine 
radioligands. Cross-reactivities with the two known metabolites, 0- 
desmetbyl and N-desmethylmeobentine, were low, being 2-5% in both 
assays. The desmethoxy analog, bethanidine, also showed relatively low 
cross-reactivity (5%) while the para methyl derivative, N-4-methyl- 
benzyl-N',N"-dimethylguanidine, was recognized much better by the 
antiserum, resulting in a higher (40%) cross-reactivity. As expected, the 
propionic acid hapten derivative (VI) used for the production of the 
immunizing conjugate was recognized by the antiserum more effectively 
than meobentine itself. A variety of other structurally related guanidines 
with (guanethidine, guanabenz, and clonidine) and without (guanidine 
and dimethylguanidine) substituents on the imino nitrogen atom showed 
little cross-reactivity. A number of drugs (procaine, procainamide, lid- 
ocaine, propranolol, isoproterenol, and morphine), which might be ad- 
ministered to patients concurrently with meobentine sulfate, had 
cross-reactivities of <0.001% in the radioimmunoassay. 


Correlation of Trit iated and  Radioiodinated Assay Methods- 
Since both assay methods were used in the analysis of different phases 
of the human disposition studies, it was imperative to demonstrate that  
analysis of given samples by both methods gave the same results. T o  this 
end, a number of plasma samples obtained from humans, dogs, and rats 
after meobentine treatment were analyzed by both methods. The results 
are shown in Table 111. The slope and linear regression coefficient ap- 
proach unity, indicating good agreement between results from tritiated 
and radioiodinated methods. 


Disposition Studies in Humans-The radioimmunoassay employing 
[3H]meobentine was used to assay plasma samples from humans who 
received two separate oral doses (2.5 and 5 mg/kg) of meobentine sulfate 


Tmam h i  
AUC,  hr ng/ml 
TBC/F. liter/hr 


239.0 f 68.4 
3.3 f 0.5 


1890 f 526 


451.0 f 173.9 
3.0 f 0.7 


3358 f 1294 
,a  78.6 f 14.9 95.1 f 29.6 


0 Total body clearance/fraction dose absorbed = dose/area under the curve 
(AUC).  


in water. Mean plasma levels of meobentine in these subjects are shown 
in Fig. 3. No detailed pharmacokinetic analysis was performed on these 
data, but some model-independent mean kinetic parameters are collated 
in Table IV. Mean observed maximum plasma concentrations were 239 
and 451 ng/ml following 2.5 and 5.0-mgkg doses, respectively (Table IV). 
The mean area under the plasma concentration-time curve ( A U C )  values 
increased -1.8-fold on increasing the dose from 2.5 to 5 mg/kg. Thus, 
similar trends are evident in C,,, and AUC values. The mean times to 
observed peak plasma concentration (Tmax) were 3.3 and 3 hr after each 
of the 2.5 and 5-mg/kg doses, respectively. Meobentine half-life, as esti- 
mated from the limited number of points in the terminal disposition 
phase, ranged from 9 to 20 hr between individual subjects, while mean 
values following treatments were - 14 and 11 hr. 


DISCUSSION 


Previous investigations have demonstrated the need for conjugation 
of drugs to macromolecules in order to render them immunogenic (5,6, 
13). In the present study, meobentine was coupled oia a propionic acid 
sidechain to bovine serum alhumin by a mixed anhydride procedure. 
Attachment of the 3-carbon bridge was ortho to the methoxyl group of 
meobentine, as shown in Scheme I. Antibodies formed in response to 
repeated immunization with this substance were used to develop two 
radioimmunoassay procedures for meobentine. One assay, employing 
a generally labeled [3H]meobentine ligand, was precise and accurate and 
showed a sensitivity limit of 2.5 ng/ml (250 pg, actual mass). The use of 
[1251]iodomeobentine (Scheme II), which had much greater specific ac- 
tivity, considerably increased efficiency and lowered sensitivity limits 
to <0.4 ng/ml(40 pg, actual mass) while retaining precision and accuracy 
(Fig. 2 and Table I). Plasma meobentine levels in the rat, dog, and humans 
following intravenous and oral administration, assayed by the two dif- 
ferent procedures, agreed well (Table 111). These radioimmunoassay 
procedures represent a significant advance in sensitivity and convenience 
over previously available methods for determination of meobentine in 
plasma. The sensitivity of the procedure using the iodinated radioligand, 
which is currently in use for analysis of meobentine disposition studies, 
exceeds that of analytical procedures reported for the related drugs, 
bethanidine (14) and bretylium (15,16). 


The ability of drug antisera to discern changes in molecular architec- 
ture normally is greatest for structural changes a t  sites distant from the 
site of attachment of the drug to macromolecular carrier in the immu- 
nizing conjugate. The applicability of this statement to the case of meo- 
bentine is not complete, as the data in Table I1 indicate. Thus, 4-meth- 
ylbethanidine cross-reacts extensively, as expected for a relatively minor 
structural change close to the site of attachment of hapten to protein. 
However, the cross-reactivities of bethanidine (4.7%) and O-desmeth- 
ylmeobentine (2.3-4.7%), which also involve relatively minor structural 
changes a t  the para position, are much lower. It is fortunate that the 
cross-reactivity of 0-desmethylmeobentine is low, since this compound 
appears to be a major metabolite in the rat and dog (17), although the 
most likely circulating species, the 0-glucuronide of O-desmethylmeo- 
bentine, would be expected to cross-react even less. N-Desmethylmeo- 
bentine, a lesser metabolite in the rat and dog (17), has lower cross-re- 
activity. The 0-desmethoxy analog, bethanidine, while undergoing sig- 
nificant N-dealkylation in the rat and dog, has been reported to be ex- 
creted largely unchanged by humans (18). Bethanidine is not well rec- 
ognized by the antiserum, while the 4-methyl analog binds strongly to 
the antibodies, indicating the sensitivity to changes in molecular charge 
localization and lipophilicity. A wide range of structurally similar 
guanidines and other cardiovascular drugs and potentially concurrently 
administered medications did not cross-react. 


The applicability of the present radioimmunoassay techniques to 
pharmacokinetic studies is shown by the data in Fig. 3. Plasma levels 56 
hr after a single oral dose could still be measured reliably by the [3H]- 
meobentine assay, which was used for analysis of plasma samples in the 


Journal of Pharmaceutical Sciences I 669 
Vol. 71, No. 6, June 7982 







human studies described in this paper. The higher sensitivity and greater 
convenience of the [1251)-based assay have resulted in its use in current 
meobentine studies. The plasma profile in the subjects studied indicated 
that meobentine kinetics are multicompartmental in nature with a long 
terminal half-life (11-14 hr). A long terminal half-life has also been seen 
with bethanidine (18) and bretylium (19) in humans. Mean peak meo- 
bentine plasma levels in the same group of volunteers essentially doubled 
from 239 to 451 ng/ml with an increase in dose from 2.5 to 5.0 mg/kg. 
Mean area under the curve also approximately doubled from 1890 to 3358 
ng hr/ml over this dose range. These observations suggest linear kinetics 
for meobentine in the 2.5-5-mg/kg dose range. Clearance (TBC/F) did 
not change significantly with increasing dose. The extent of absorption 
and bioavailability of meobentine are currently under investigation in 
animals and humans. The related guanidine, bethanidine, has been re- 
ported to be well absorbed by humans (18). 


Currently, these radioimmunoassay procedures are being applied to 
detailed studies of the disposition of meobentine sulfate in animals and 
humans. Studies of the absolute oral bioavailability and pharmacokinetics 
of meobentine sulfate will be presented elsewhere in the near future. 
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Abstract 0 The effect of sampling probe size and location on the in uitro 
dissolution rate of prednisone tablets was examined. Using USP XX 
Apparatus 2 with an automated sampling system, dissolution rates were 
determined using two types of large filter-tipped probes and a small 
capillary probe. Each probe was tested at  three locations within the kettle. 
The large probes caused hydrodynamic changes which, when compared 
with results obtained through manual sampling, resulted in significant 
changes in dissolution rates a t  each location. These changes were less 
evident when the capillary probe was used, with an insignificant differ- 
ence between results of automated and manual sampling when the cap- 
illary probe was placed midway between the paddle shaft and the kettle 
wall. 


Keyphrases 0 Dissolution rates-effect of sampling probe size and lo- 
cation on dissolution rate of prednisone tablets Hydrodynamics- 
dissolution rates affected by sampling probe size and location, USP 
paddle method Prednisone-tablets in dissolution rate testing with 
effects of sampling probe size 


Automated sampling and analysis of in uitro dissolution 
aliquots can be a useful, timesaving procedure. Several 
automated sampling systems are commercially available 
in which aliquots of the dissolution fluid, taken at specified 
times, travel into sample cups or into an automated ana- 
lytical system. Results of such a system are not generally 


considered acceptable, however, unless they agree with 
those obtained by manual sampling. 


A large number of dissolution testing variables have 
been identified (1). These need to be strictly controlled if 
reproducible results are to be obtained. Changes in any of 
these variables can have a significant effect on the disso- 
lution rate of a dosage form. A previous study (2) showed 
that the dissolution rate is affected by the effects of various 
dissolution parameters on the hydrodynamics of the dis- 
solution fluid. Another study (3) showed that the hydro- 
dynamic disturbance caused by insertion of a relatively 
large object, such as a thermometer, into the dissolution 
fluid may cause a change in dissolution rate, and that the 
location of such an object can also have a significant ef- 
fect. 


With most automated sampling systems now in use, a 
relatively large filter-tipped probe is immersed in the 
dissolution fluid. The above studies imply that a large 
probe can affect the system hydrodynamics, and therefore 
the dissolution rate of some dosage forms, thereby causing 
results which differ from those obtained by manual sam- 
pling, and that a smaller probe may have less effect on the 
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Ascites fluid (0.1 ml) from a tumor-bearing mouse and 
containing lo5 cells7 was injected intraperitoneally on day 
zero. Each experimental group contained six male mice 
(20-25 g) (4). The drug was injected intraperitoneally on 
days 1,5, and 9 at a 120-mg/kg dose. The TIC was 85.4% 
for the L-1210 leukemia and 83.5% for the H-5 ascites 
tumor. A 360-mg/kg dose at day I or 40 mg/kg on days 1-9 
in the L-1210 tumor also gave a T/C of 85.4%. A T/C value 
685% indicates that the compound is probably producing 
a toxic response (4). This compound did not cause any 
deaths in control A/J or B6D2F1 mice at the doses used, 
nor did it cause any visible toxicity, such as weight loss. 


The probable toxic response of this compound in 
tumor-bearing mice hindered the testing of other substi- 
tuted pyrrolo(2,3-d)pyrimidine-2,4-diones for antitumor 
activity. 


(1) S. R. Etson, R. J. Mattson, and J. W. Sowell, Sr., J. Heterocycl. 
Chem., 16,929 (1979). 


(2) F. Bergman and S. Dikstein, J.  Biol. Chem., 223,765, (1956). 
(3) H. N. Christensen and G. A. Palmer, “Enzyme Kinetics,” 2nd ed., 


(4) B. J. Abbott, Cancer Chemother. Rep. Part 3 , 3 , 2  (1972). 
W. B. Saunders, Philadelphia, Pa., 1974, p. 82. 


Charles J. Betlach*X 
J.  Walter Sowell, Sr. 
College of Pharmacy 
University of South Carolina 
Columbia, SC 29208 


* Present address: Massachusetts College of Pharmacy and Allied 
Health Sciences, Boston, MA 02115. 


7 Cells were counted on an improved Neubauer ultraplane spot lite counting 
chamber (Scientific Products). 


Studies on Herbal Remedies I: Analysis of 
Herbal Smoking Preparations Alleged to 
Contain Lettuce (Lactuca sativa L.) and 
Other Natural Products 


Keyphrases 0 Pharmacognosy-analysis of smoking preparations al- 
leged to contain lettuce (Lactuca satiua L.) 0 Psychotropics-alleged, 
analysis of lettuce (Lactuca satiua L.) in smoking preparations 


To the Editor: 
In this communication we would like to draw attention 


to the availability in health food stores and other outlets 
of three so-called “narcotic substitute” smoking products’ 
that allegedly contain distillates of lettuce. Preparation 
1 (“Hashish”) and preparation 2 (“Opium”) are recom- 
mended by their manufacturer for legal, social smoking, 
while preparation 3 (“Hash Oil”) is suggested for appli- 
cation to marijuana cigarettes to enhance potency and 
taste. According to the package inscriptions, all three 
preparations contain “Lactuca satiua” (Garden Lettuce) 
and “ Turneru diffusa” (Damiana) distillates. In addition, 
preparation 1 is claimed to be fortified with African Yo- 
himbe bark, and preparation 2 with Lactuca uirosa (Wild 


* Preparations 1-3 described in this report are Lettucenes 1-3, Woodley Herber. 
Okemos, MI 48864. 


Lettuce) and Nepeta cutaria (Catnip) distillates, as well 
as Chinese ginseng root. Ingredient proportions are not 
stated on the package labels. 


It was suggested to us2 that the smoking of preparation 
2, without additives, may have been responsible for pro- 
ducing apparent psychotropic effects experienced by two 
teenagers. In an attempt to provide a rationale for this 
observation, the literature was searched for any ethno- 
medical and biological activities of Garden and Wild 
Lettuce and Damiana, and to whether or not any of the 
known constituents of these plants belong to classes of 
psychotropic substances. 


Extracts of both L. satiua and L. uirosa have been 
claimed to possess narcotic properties (1, 2), while the 
latter plant has been associated with hypnotic and sedative 
effects (3). Experimentally, extracts of L. satiua have ex- 
hibited in uitro antitubercular properties (4) and hypo- 
tensive activity in dogs ( 5 ) .  T .  diffusa extracts reputedly 
show mild stimulant (2), purgative (3), and aphrodisiac (1, 
3) activities. 


An early study indicated that L. satiua and L. uirosa 
contain a mydriatic alkaloid, which was identified as the 
tropane derivative hyoscyamine on the basis of the melting 
point of its aurochloride (6). The presence of a mydriatic 
alkaloid, although disputed, was presumably confirmed 
in later studies on L. uirosa (7,8). L. uirosa has been shown 
to contain N-methyl-P-phenethylamine (9), and T.  diffua 
has been stated to contain the xanthine derivative, caffeine 
(10). Tropane alkaloids, phenethylamines, and xanthines 
were recently classified, respectively, as deliriant psy- 
chodysleptics, visionary psychodysleptics, and excitatory 
psychoanaleptics (11). 


All three preparations were examined phytochemically 
to determine if any of these amines could be detected. 
Three extraction procedures, namely, a general alkaloidal 
method (12), and methods for the specific extraction of 
phenethylamines (13) and caffeine (14), were applied to 
2-g portions of each product. No alkaloidal spots corre- 
sponding to reference hyoscyamine, N-methyl-/3-phen- 
ethylamine3, or caffeine were detected by TLC on silica gel 
using several solvent systems (15). Dragendorff’s reagent, 
as well as other reagents useful for the detection of phen- 
ethylamines (ninhydrin) (15) and xanthines (iodine and 
ferric chloride) (15) were used for plate visualization. 


Therefore, it appears that any psychotropic effects ex- 
perienced by the smoking of these lettuce-Damiana dis- 
tillates are not due to the presence of tropane alkaloids, 
phenethylamines, or xanthine bases. 


(1) “The Dispensatory of the United States of America,” 19th ed., 
H. C. Wood, J. P. Remington, and S. P. Sadtler, Eds., J. B. Lippincott, 
Philadelphia, Pa., 1907, pp. 686, 1471. 
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(3) “Extra Pharmacopoeia (Martindale),” 25th ed., R. G. Todd, Ed., 
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(6) T. S. Dymond, J .  Chem. Soc., 61,90 (1892). 
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Our attention was drawn to this problem by C. R. S h e r w d ,  A. J. Canfield Co., 


We are grateful to Prof. J. L. McLaughlin, Purdue University, W. Lafayette, 
Chicago, IL 60619. 


Ind., for a reference sample of N-methyl-0-phenethylamine hydrochloride. 
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REVIEWS 


Burger’s Medicinal Chemistry, 4th Ed., Part 111. Edited by 
MANFRED E. WOLFF. Wiley, 605 Third Ave., New York, NY 10016. 
1981. 1354 pp. 18.5 X 26 cm. Price $100.00. 
This book is part of an excellent series in the medicinal chemistry field. 


With contributions by a number of knowledgeable and literate authors, 
the contents include drugs acting on the central nervous system, the 
autonomic nervous system, the cardiovascular system, and the renal 
system. The book is a well-balanced blend of the theoretical and practical 
aspects of the field and its potential application to new discoveries. 


Each chapter is well planned, emphasizes biochemical rationale, 
structure-function relationships, and metabolism, and is adequately 
referenced to provide the reader with sources of more detailed informa- 
tion. This text is also characterized by thoughtful attention to pedagogy, 
since the prose does more than fill the space between structures and 
equations. The book contains many useful tables, graphs, and other il- 
lustrations and is replete with numerous structures. 


Professor Wolff has assembled an informative and excellent text, so 
it is regrettable that the major limitation of this potentially useful text 
appears to be its price. Overall, the present volume together with Parts 
I and I1 of the series offers a high quality and useful source of information 
with broad application across the biomedical sciences. Professor Wolff 
upholds the series’ reputation as one of the classic and indispensable 
reference works for those in teaching and research. 


Reuiewed by Claude Piantadosi 
School of Pharmacy 
University of North Carolina 
Chapel Hill, NC 27514 


The authors of the chapters dealing with the pharmacological classes 
of agents have used a variety of formats to cover their topics. In general, 
they discuss pharmacological actions, absorption, distribution, metab- 
olism and excretion, clinical uses, and structure-activity relationships 
and give appropriate examples. Often this information is set out against 
a background survey of biochemistry pertaining to the group under 
consideration. In some of these chapters, the explanations of the agents’ 
pharmacological actions, based on the structural reasons for their ability 
to fit into a biochemical sequence, are impressive. The overall quality of 
these chapters, despite differing organizational styles, is very good. 


While the individual chapters impress as compact, self-contained 
entities, some readers may notice instances of redundancy. For example, 
the scheme for catabolism for certain neurotransmitters is repeated in 
detail in several chapters and the pharmacology of a number of thera- 
peutic agents is given several times. I t  is possible that such repetition 
cannot be avoided in a multiauthored work. In addition, while back- 
ground pharmacology, biochemistry, and the clinical uses of the agents 
are almost always thoroughly treated, chemical properties such as acidity, 
basicity, and chemical stability are sometimes not discussed. Perhaps 
inclusion of such coverage would not only help students appreciate some 
pharmaceutically important properties but would also help them relate 
structure and chemical properties t o  absorption, distribution, metabo- 
lism, excretion, and biological actions. 


In summary, all chapters bear evidence of careful scholarly preparation. 
They are generally thorough and current in their coverage and are quite 
readable. The book meets its objectives very well and should afford ex- 
cellent reading for medicinal chemists, pharmacologists, and students 
in pharmacy and related disciplines. 


Reviewed by Eugene Isaacson 
Idaho State University 
College of Pharmacy 
Pocatello, ID 83201 


Principles of Medicinal Chemistry. Edited by WILLIAM 0. FOYE. 
Lea & Febiger, 600 S. Washington Square, Philadelphia, PA 19106. 
1981.931 pp. 18 X 26 cm. Price $45.50. (Canada $54.50). 
This book assembles 39 chapters of information associated with text- 


books intended for undergraduate courses in organic medicinal chemistry. 
The first six chapters give effective coverage of general introductory 
principles; thereafter, with the exception of Chapters 27-29 (which 
provide good introductions to drugs of plant origin and subsequent 
chapters on chemotherapeutic agents), the book proceeds systematically 
through major pharmacological or therapeutic classes of drugs. 


Discussions are generally restricted to organic agents, although actions 
of some inorganic agents such as iodine and iodides, sodium nitroprusside, 
and gold sodium thiosulfate are cited. The last chapter is also an excep- 
tion to the overall organic medicinal chemical content in that it incor- 
porates a very good introduction to radiopharmaceuticals. Finally, there 
is an appendix containing useful compilations of pKa values for a number 
of drugs and pH values for body fluids. 


Toxicants and Drugs: Kinetics and  Dynamics. By ELLEN J. 
O’FLAHERTY. Wiley, 605 Third Ave., New York, NY 10016. 1981, 
398 pp. 16 X 24 cm. Price $42.50. 
This useful book approaches a complex subject with a disarming 


frankness not usually found in such texts. In the preface, the author states 
that  the first chapter reviews algebra and calculus a t  a level designed to 
give nonmathematicians-even antimathematicians!-confidence that 
they can “do” kinetics. After hopefully instilling such confidence and 
expertise, the reader is eventually lead into sophisticated concepts re- 
lating to disposition in saturable and nonlinear systems, the plateau 
principle of chronic exposure, receptor theory, pharmacodynamics and 
dose-response relationships. The book is a gem. A useful list of definitions 
of various symbols is included as a separate section and as an added 
bonus, a number of interesting problems taken from examples in the 


Journal of Pharmaceutical Sciences I 271 
Vol. 71, No. 2. February 1982 












Pharmacokinetics of Rosoxacin in Human Volunteers 


G. B. PARK, J. SANESKI, T. WENG, and 
J. EDELSON" 
Received June 8, 1981, from the Departments of Drug Metabolism and Disposition, and Biometry, Sterling- Winthrop Research Institute, 
Rensselaer, N Y  22144. Accepted for publication August 12, 1981. 


Abstract  Reversed-phase liquid chromatography was used to deter- 
mine plasma rosoxacin concentrations in normal, healthy males, each 
of whom received one 300 mg capsule of rosoxacin. The plasma data for 
each subject were described by an open one-compartment body model 
with first-order absorption, and the pharmacokinetic parameters were 
determined. The mean ( k S E )  apparent first-order terminal elimination 
rate constant was 0.203 f 0.015 hr-' ( N  = 16), the mean apparent volume 
of distribution was 0.644 f 0.050 li tedkg, and the mean apparent plasma 
clearance was 2.08 f 0.15 ml/min/kg. 


Keyphrases Rosoxacin-pharmacokinetics, normal, healthy males 
Pharmacokinetics-rosoxacin, one-compartment body model, oral 


absorption, normal, healthy males Absorption-first-order with open 
one-compartment body model, pharmacokinetics of rosoxacin, normal, 
healthy males 


Rosoxacin', 1 -ethyl- 1,4-dihydro-4-oxo-7- (4-pyridyl) - 
3-quinolinecarboxylic acid, is a member of the class of 
orally active antimicrobial agents which includes nalidixic 
acid. The metabolic fate and assay methods for this class 
of compounds has been reviewed (1). 


Rosoxacin is effective in uitro against a variety of 
microorganisms (2-5) and has been used clinically for the 
treatment of gonorrhea (6). Concentrations of rosoxacin, 
which were higher than the minimum inhibitory concen- 
trations for most Enterobacteriaceae, were found in renal 
hilar lymph, renal interstitial fluid, prostatic interstitial 
fluid, prostatic secretion, vaginal and urethral secretions, 
and cerebrospinal fluid from dogs treated with this com- 
pound (7,8). 


The present report describes the results of a phar- 
macokinetic study in a group of normal, male, human 
subjects receiving 300 mg of rosoxacin. 


EXPERIMENTAL 


Human Volunteers-Appropriate institutional review and approval 
were obtained from the subjects, none of whom had clinical or laboratory 
findings indicative of renal, hepatic, or cardiac dysfunction. The mean 
(fSE) age of these volunteers was 29.4 f 1.9 yr; the mean weight was 71.7 
f 1.6 kg and the mean height was 174 f 1.7 cm. Each of the 16volunteers 
received a single 300-mg capsule of rosoxacin. Blood samples were col- 
lected before medication and 0.33,0.67,1.0,1.5,2.0,2.5,3.0,4.0,5.0,6.0, 
8.0,10,12,15, and 24 hr after treatment. The blood was centrifuged, and 
the plasma was separated and frozen until assayed. 


Assay Procedure-Plasma samples were analyzed by a high-per- 
formance liquid chromatographic (HPLC) method developed previously 
(9). Plasma standards, prepared in control human plasma, were extracted 
and analyzed with each set of plasma samples from the volunteers. 
Plasma rosoxacin concentrations were determined by inverse prediction 
on the linear regression of peak height ratios obtained from plasma and 
internal standards. The minimum quantifiable level of the assay was 
estimated as the concentration whose lower 80% confidence limit just 
encompassed zero2, and was -0.13 fig of rosoxacin/ml of plasma. 


Three separate modular HPLC systems were used for the analyses. 


~~ ~ ~~ ~ 


' Nradiril, Sterling Drug Inr., New York, N.Y. ' K. W. Kuss and H. Stander, "Some Statistical Probierns in Drug Metabolism." 
paper presented a t  the  Prinreton Conference on Applied Statistics, December, 
1975. 


Each consisted of an automatic injector, a pump, a column3, and'a UV 
detector monitoring the column effluent a t  280 nm. 


Pharmacokinetic Calculations-The data obtained from the 
analysis of the human plasma samples were described by a one-com- 
partment open model with first-order absorption by means of an un- 
weighted nonlinear regression procedure (10). This model is described 
by the equation: 


C = A[e-ke(f-to) - e - k o t t - t o )  1 (Eq. 1) 


where C is the plasma concentration a t  time t ,  t o  is the lag time (before 
absorption begins), A is a constant, and k, and k, are apparent first-order 
rate constants for absorption and elimination, respectively. The volume 
of distribution of rosoxacin, V ,  was calculated by: 


(Eq. 2) 


where F is the fraction of the administered dose ( D )  which is available 
to the systemic circulation; the other terms are as defined previously. The 
total area under the plasma concentration uersus time curve [AUC,"], 
time to maximum concentration (t,,,), maximum concentration (C,,,), 
and plasma clearance (Cl,) for each subject were calculated from: 


(Eq. 3) 


FD 
A UC," 


Cl, = - 


In addition to the regression-dependent parameters defined previously, 
the plasma concentration data were analyzed with respect to the following 
model-independent parameters: the maximum observed plasma con- 
centration (C&tX), the time a t  which the maximum plasma concentration 
was observed (t$&), and the area under the plasma concentration versus 
time curve, 0-24 hr, ACICi4. The latter was calculated by trapezoidal rule, 
using all data for the 24-hr study period. 


RESULTS AND DISCUSSION 


The mean observed plasma rosoxacin concentration data are shown 
in Fig. 1. Plasma levels declined exponentially with time suggesting a 
one-compartment body model. Pharmacokinetic parameters for each 
subject were estimated after computer-fitting of the data by an iterative 
nonlinear least-squares regression technique (10). For subjects 1 and ti 
it was necessary to adjust the lag time such that it corresponded to the 


NOURS 


Figure 1-Plasma concentrations uf rusoxacin in human colunteers 
after oral administration of a single capsule containing 300 mg of ro- 
soxacin. Mean plasma concentration observed i n  16 subjects (dotted 
line) and concentration predicted by the open one-compartment model 
with oral absorption (solid line). 


.' Partisii-PXS lo/% PAC column, Whatman. Clifton. N.J. 
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Table I-Pharmacokinetic Parameters  Derived from Rosoxacin Plasma Data 


Model-Independent Regression-Dependent 
n r  


I 


3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
Me 


1 - 
4.0 
1.5 
2.5 
3.0 
2.5 
4.0 
2 5  
3.0 
:Lo 
4.0 
1.5 
1 .s 
3.0 
2.0 
1.5 
3.0 


:an 2.66 


6.32 
4.90 
3.29 
5.91 
5.61 
3.56 
3.58 
6.57 
5.60 
4.88 
5.83 
4.18 
2.85 
4.86 
4.28 
5.56 
4.89 


48.1 10.2 
84.6 6.77 
20.8 5.61 
42.4 8.91 
31.2 20.6 
26.6 6.48 
27.1 7.26 
51.4 10.1 
47.8 12.6 
50.3 21.0 
33.3 9.36 
29.6 6.91 
32.4 4.91 
35.0 6.18 
39.4 5.23 
32.6 25.8 
35.8 10.5 


1.25 0.176 1.00“ 3.90 6.38 49.8 3.94 0.458 1.34 . -  - .  


1.76 0.241 0.21 1.52 4.26 24.‘; 2.88 0.740 2.98 
1.19 0.225 0.00 1.72 3.09 20.3 3 08 0.877 3.28 
1.24 0.171 0.27 2.12 5.60 44.8 4.05 0.603 1.7:1 
0.66 0.328 0.51 2.62 5.15 31.4 2 11 0.380 2.08 
1.16 0.214 1.00” 4.21 3.60 24.7 3.24 n . m  3.nx ~. . _.. 


0.73 0.200 0.65 3.09 3.24 26.3 3.47 0.732 2.45 
1.18 0.160 0.17 2.13 6.37 54.4 4.33 0.539 1.44 
0.77 0.195 0.26 2.65 5.91 48.3 3.55 0.425 1.39 
0.37 0.195 0.32 3.97 4.89 51.1 3.55 0.492 1.60 
1.51 0.235 0.29 1.75 5.62 33.7 2.95 0.466 1.82 ~. . .- - _ _  
1.18 0.196 0.26 2.08 4.03 29.3 3.54 0.697 2.29 
0.65 0.115 0.53 3.76 2.79 35.2 6 0 3  1.016 1.95 
1.95 0.154 0.62 2.03 4.58 37.0 4.50 0.858 2.20 
3.12 0.117 0.22 1.31 4.43 43.0 5.92 0.758 1.48 
0.M 0.325 0.31 2.68 4.68 31.1 2.13 0.393 2.13 
1.20 0.203 0.41 2.60 4.66 36.5 - 0.644 2.08 
0.17 0.015 0.071 0.23 0.28 2.69 - 0.050 0.15 SE 0.22 0.30 2.42 1.59 


Nu meaninglul value; the lag time is tha t  time at which the  ohserved plasma concentration f i rs t  exceeded the minimum quantifiahle level 


first time point with measurable rosoxacin concentration, to obtain a 
reasonable fit  of‘the data. In the other 14 subjects, no adjustment was 
necessary (Table I ) .  Using the mean parameters, t.he plasma rosoxacin 
concentration, C (pg/ml) a t  time t (hr), is given by: 


1 (Eq. 7) 


The mean apparent first-order terminal elimination half-life for rosoxacin 
was -3.4 hr. 


The mean observed concentration data were also described by the 
model, and a comparison of the observed and predicted concentrations 
is shown in Fig. 1. The observed, model-independent, parameters are in 
reasonable agreement with those calculated from the open one-com- 
partment hody model with oral absorption, Table I. 


The mean apparent volume of distribution was 0.644 liters/kg. This 
suggests that rosoxacin is distributed into the total body water, which 
may be responsible for the membrane permeability and relatively high 
levels of rosoxacin found in tissues (7,s). This hypothesis will be tested 
in future studies. 


An earlier st,udy of the pharmacokinetics of rosoxacin in the dog (9) 
reported an apparent first-order terminal elimination half-life of 2 hr and 
a plasma clearance, correct.ed for body weight, of 8.6 ml/min/kg. In hu- 
mans the elimination half-life is longer, -3.4 hr, and the plasma clearance 
of rosoxacin, corrected for weight, is slower, 2.08 ml/min/kg. 


(’ = 10.5 [e-0.203(t-0.41) - e-1 .20( t -0 .41)  
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Abstract 0 T h e  preparation and screening of some potential ant ima-  
larials are  reported. The  new compounds which are  inactive as  antima- 
larials are  several benzene-, benzyl-, and fluorene thioacetals, 8-disulfones 
derived from these thioacetals, tu-chlorobenzyl sulfones, amides, and 
thioesters derived from 4-dichloromethylbenzoyl chloride and 4-tri- 
chloromethylbenzoyl chloride. T h e  known compounds bis(4-amino- 
pheny1)sulfone and 4’-aminophenyl-4-aminohenzene thiolsulfonate also 
were prepared and showed some antimalarial activity. 


Keyphrases  0 Antimalarials-preparation of new thioacetals, sulfones, 
and 4-dichloromethylhenzoyl and 4-trichloromethylhenzoyl chloride 
derivatives 0 Thioacetals-preparation of potential antimalarials 0 
Sulfones-- preparation of potential antimalarials 0 Derivatives-of 4- 
dichloromethylhenzoyl and 4-trichloromethylbenzoyl chloride, prepa- 
ration of potential antimalarials 


Malaria is still an important health problem in tropical 
areas. Various factors contribute to this situation including 
the development of malaria strains resistant to known 
antimalarials. This development has led to a t  least one 
recent antimalarial program (1). The purpose of the 
present work was to prepare potential antimalarials based 


on two model systems of known antimalarials, 1,4-bis- 
(trichloromethy1)benzene which has been known as an 
active antimalarial for many years (Z), and derivatives of 
bis(4-aminopheny1)sulfone which are more useful as 
suppressives than as therapeutic agents (3) .  


The synthesized compounds (Scheme I) share similar- 
ities with known antimalarials (2 ,3) .  The  trichlorometh- 
ylaryl derivatives had no antimalarial activity, but the 
a-disulfone VIIIb and the thiolsulfonate IXb showed some 
antimalarial activity. 


RESULTS AND DISCUSSION 


Thioacetals may he prepared by various methods (4-6) among which 
the reaction of gem-dihalides with sodium thiolates is a convenient one. 
Compound Ia (Table 1) was prepared from henzal chloride and a 
triethylammonium thiophenolate whereas VIIa was formed easily from 
the gem -dihalide and a thiophenol. Acid-catalyzed reactions between 
4-(trichloromethyl)henzaldehyde and various thiophenols gave the  
thioacetals Ic, Id ,  and IIIa. 


Two methods considered for t h e  preparation of @-disulf‘ones were a 
reaction of triethylammonium sulfinates with gem -dihalides or an oxi- 
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Ia: R‘ = CH,CONH, R” = H 
Ib: R’ = NH,Cl, R” = H 
Ic: R’ = H, R” = C1,C 
Id: R‘ = CH,CONH, R” = C1,C 
Ie: R’ = NH,CI, R” = CH,OOC 


c1 


IVa: R’ = CH,CONH, R” = H 
IVb: R’ = H,N, R” = H 
IVc: R’ = H, R” = C1,C 


IIa: R’ = CH,CONH, R” = H 
IIb: R’ = H,N, R” = H 
IIc: R’ = H, R“ = C1,C 
IId: R’ = CH,CONH, R” = C1,C 
IIe: R’ = H,N, R” = CI,C 
IIf: R’ = H, R” = HOOC 


IIIa: Y = S, R’ = C1,C 
IIIb: Y = SO,, R’ = C1,C 
IIIc: Y = SO,, R‘ = HOOC 


Va: R’ = H 
Vb: R‘ = CH,CONH 


VIa: R‘ = Cl,HC, Y = NH, R” = H 
VIb: R’ = Cl,HC, Y = NH, R” = HOOC 
VIc: R’ = Cl,HC, Y = S, R” = CH,CONH 
VId: R’ = Cl,C, Y = NH, R” = H 
VIe: R’ = Cl,C, Y = NH, R” = NO, 
VIf: R’ = Cl,C, Y = S, R” = H 
VIg: R‘ = Cl,C, Y = S, R” = CH,CONH 


V I h :  Y = S, R = CH,CONH 
V I E :  Y = SO,, R’ = CH,CONH 
VIIc: Y = SO,, R‘ = H,N 


VIIIa: R’ = CH,CONH 
VIIIb: R’ = H,N 


1%: R’ = CH,CONH 
IXb: R‘ = H,N 


Scheme I 


dation of the thioacetals I, IIIa, and VIIa. However, only one of the halide 
atoms of benzal chloride was replaced by an aryl sulfinate and IVa was 
obtained, but only 9-fluorenone and water-soluble products were formed 
from 9,9-dichlorofluorene and the same aryl sulfinate. Oxidations of 
thioacetals with a solution of peracetic acid in dry methylene chloride 
yielded the corresponding /3-disulfones in excellent yields, provided a 
large excess (12 molar equivalents) of the peracid was used. Reactions 
of the thioacetal Ia with the usual oxidation mixture, peracetic acid in 
acetic acid, yielded benzaldehyde and the known thiol sulfonate IXa. The 
formation of IXa most likely occurs uia the 0-protonated thioacetal 
S-oxide (7,8). Such compounds are known to be extremely sensitive to 
acids and decompose to a resonance-stabilized sulfoxonium ion and a 
sulfenic acid. A nucleophilic attack by the sulfenic acid on the sulfoxo- 
nium ion will give a sulfenic ester which spontaneously fragments to form 
benzaldehyde and a disulfide (9), the latter being oxidized to the thiol- 
sulfonate IXa. Alternatively, an attack by water on the sulfoxonium ion 
would give benzaldehyde and a thiophenol, which will lead to the thiol- 
sulfonate uia a sulfinic acid under these reaction conditions (10, l l ) .  


Recently IXa was prepared (12) by the fragmentation of a benzene- 
sulfonohydrazide by hydrochloric acid in acetic acid, with the arylsulfinic 
acid postulated as an intermediate. 


Reactions of the P-disulfones IIc and IId with sodium hypochlorite 
gave chlorination of the a-methylene group and Va and Vb were formed, 
respectively. An attempt to prepare Va from the thioacetal Ic by chlo- 
rination using sulfuryl chloride, and subsequent oxidation of the crude 
product using peracetic acid in dry methylene chloride, resulted in loss 
of one sulfhydryl group, and compound IVc was obtained in good yield. 
Reactions of sulfides with sulfuryl chloride give various products de- 
pending on the reaction conditions; a-chlorination usually occurs (13), 
but recently thioacetals have been found to undergo S-oxidation by 
sulfuryl chloride in the presence of wet silica gel (14). Therefore, if the 
thioacetal Ic undergoes both S-oxidation and a-chlorination by sulfuryl 
chloride, the product IVc may be accounted for by a mechanism involving 
the formation of a sulfoxonium ion and simultaneous loss of a sulfenic 
acid. 


Side-chain chlorinations of 4-methylbenzoyl chloride and 1,4-di- 
methylbenzene are to a large extent dealt with in the patent literature; 
a common problem to these reactions are mixtures of polychlorinated 


products which are not easily separated. However, 4-dichloromethyl- 
benzoyl chloride was prepared in satisfactory yield by a peroxide-cata- 
lyzed chlorination of 4-methylbenzoyl chloride in carbon tetrachloride. 
The 4-trichloromethylbenzyl derivatives required the preparation of 
either pentachlorinated 1 ,4-dimethylbenzene or 4-trichlormethylbenzoyl 
chloride which could be reduced to the aldehyde. The radical chlorination 
methods reported previously (15-19) were unsatisfactory for the prep- 
aration of large quantities of these compounds. A zinc chloride-catalyzed 
chlorination of 1,3-benzenedicarboxylic acid by 1,4-bis(trichloro- 
methy1)benzene’ gave good yields of 4-trichloromethylbenzoyl chloride. 
Similar reactions were reported recently (20-24) but the objectives were 
to prepare various benzenedicarbonyl chlorides instead of 4-trichloro- 
methylbenzoyl chloride. 


1,4-Bis(trichloromethyl)benzene is an active antimalarial and various 
derivatives of this compound were prepared earlier (25). The prepared 
derivatives were tested2 for activity in suppression of Plasmodium gal- 
linaceum in the mosquito Aedes aegypti. The antimalarial test results 
showed that the chlorinated compounds were inactive but the previously 
known a-disulfone VIIIb suppressed the sporozoites completely in the 
mosquito salivary glands when administered in a 0.01% concentration 
of the mosquito feed. The only other compound which showed some 
antimalarial activity was the thiolsulfonate IXb. However, 4-trichloro- 
methylbenzaldehyde showed activity earlier3. 


EXPERIMENTAL4 


4-Methylbenzoyl Chloride-This was prepared from 4-methyl- 
benzoic acid and thionyl chloride, bp36 124-127’ [lit. (26), bP36 125Oj. 


Dr. R. F. Horvath, Research Department, Diamond Alkali Co., personal com- 


Tests by Walter Reed Army Medical Center, Washington DC. 
National Institutes of Health, Cancer Research Department, Bethesda Md. 
IR spectra were recorded on a Perkin-Elmer 254 grating spectrometer. All 


melting points are uncorrected and were obtained on a Buchi “Tottoli” melting- 
oint apparatus. Elemental analyses were carried out at Galbraith Laboratories. b eracetic acid (40%) was obtained from Becco. Raney nickel No. 28 was obtained 


from W. R. Grace & Co., and lithium tri-tert-butoxvaluminum hydride was obtained 
from Ventron Corp. 


munication. 
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Table I-Thioacetals and  B-Disulfones 


Yield, Melting Point Analysis, % 
Compound % (Recrystallization Solvent) Formula (mol. wt.) C H C l N S  


Ia 81 


Ib 85 


Ic 73 


Id 45 


Ie 90 


IIa 95 


IIb 53 


IIC 88 


IId 96 


IIe 94 


IIf 81 


IIIa 65 


I11 b 92 


IIIC 41 


Va 64 


Vb 47 


VIIa 89 


VIIb 83 


VIIc 66 


189-190" (ethanol) 


224-225' dec. (acetonitrile-acetone) 


88-89' (heptane) 


169-170" dec. (acetonitrile) 


218-219' dec. (ethanol) 


259-260' dec. (N,N-dimethyl- 
formamide-water) 


205-207' dec. (acetone) 


222-223" (chloroform-benzene) 


171' dec. (acetonitrile) 


>300' (chloroform-tetrahydrofuran) 


271-276" dec. (chloroform) 


89-90' (cyclohexane) 


250-251" dec. (chloroform) 


247-249" (methanol) 


193-196' (carbon tetrachloride- 


220" dec. (acetonitrile) 


209-210' dec. (acetonitrile) 


272-273" dec. (tetrahydrofuran) 


>29O0 (acetone-acetonitrile) 


cyclohexane) 


Calc. 65.37 
Found 65.40 
Calc. 55.46 
Found 56.51 
Calc. 56.41 
Found 56.47 
Calc. 53.38 
Found 53.51 
Calc. 53.73 
Found 53.66 
CaIc. 56.78 
Found 57.03 
Calc. 56.70 
Found 57.03 
Calc. 49.04 
Found 49.18 
Calc. 47.72 
Found 48.09 
Calc. 46.20 
Found 46.19 
Calc. 57.68 
Found 58.16 
Calc. 58.21 
Found 58.22 
Calc. 51.01 
Found 50.75 
Calc. 59.44 
Found 59.68 
Calc. 45.81 
Found 45.58 
Calc. 45.14 
Found 45.60 
Calc. 70.14 
Found 69.55 
Calc. 62.13 
Found 62.11 
Calc. 63.00 
Found 63.22 


5.25 
5.09 
4.90 
4.71 
3.55 
3.58 
3.92 
4.09 
4.72 
4.65 
4.56 
4.72 
4.51 
4.95 
3.09 
3.19 
3.51 
3.42 
3.30 
3.56 
3.87 
3.94 
4.22 
4.65 
3.70 
3.61 
4.53 
4.47 
2.69 
2.74 
3.16 
3.32 
4.87 
4.92 
4.31 
4.49 
4.23 
4.30 


17.24 
16.72 
24.98 
25.05 
19.70 
19.78 
15.10 
15.09 


21.72 
21.90 
17.61 
18.00 
20.46 
20.37 


23.43 
23.56 
20.54 
20.77 


27.05 
27.36 


6.63 
6.70 
6.81 
6.81 


5.19 
5.30 
5.97 
5.82 
5.76 
5.80 
6.96 
6.63 


4.64 
5.73 
5.39 
5.13 


5.64 
5.75 
5.00 
5.03 
5.88 
5.94 


15.18 
15.29 
15.59 
15.23 
15.06 
14.91 
11.88 
11.85 
13.66 
13.35 
13.18 
13.65 
15.93 
15.42 
13.09 
12.87 
10.62 
10.12 
12.34 
12.42 
15.40 
14.60 
14.14 
14.08 
12.39 
12.63 
14.43 
14.68 
12.24 
12.35 
10.06 
10.08 
12.91 
12.95 
11.44 
11.52 
13.46 
13.03 


4-Dichloromethylbenzoyl Chloride (X)-A carbon tetrachloride 
solution of 4-methylbenzoyl chloride was heated under reflux and chlo- 
rinated for 6 hr in the presence of catalytic amounts of benzoyl peroxide 
to give X (86%), bp0.12-0.2 8%93", mp 43-59"; recrystallized from carbon 
tetrachloride, mp 45-47" [lit. (18) bp745 285-286", mp 44-45']. 


4-Trichloromethylbenzoyl Chloride (XI)-A mixture of 1,4-bis- 
(trichloromethy1)benzene (15.7 g, 50 mmoles), 1,3-benzenedicarboxylic 
acid (4.15 g, 25 mmoles), and zinc chloride (-200 mg) was protected from 
moisture. The mixture was heated at 185' for 4.5 hr until 95% of the 5% 
aqueous sodium hydroxide (40 ml, 50 mmoles) connected to the reaction 
flask was neutralized by the hydrogen chloride formed. The dark liquid 
reaction mixture was distilled under reduced pressure to give 14.2 g of 
a clear liquid, bp0.4-0.45 93-100". This mixture of XI and 1,3-benzenedi- 
carbonyl chloride was redistilled under reduced pressure on a polytef 
spinning band column and gave 1,3-benzenedicarbonyI chloride as the 
lower boiling fraction and 7.2 g (56%) of XI, mp 27.5-28.5', bpo.2-0.15 
88-91'; index of refraction, n g  = 1.5822, [lit. (18) bp756 296"]. 


4-Trichloromethyl Benzaldehyde (27)-A stirred solution of XI 
(12.9 g, 50 mmoles) in 75 ml of dry tetrahydrofuran was cooled to -70". 
A solution of lithium tri-tert-butoxyaluminum hydride (15.3 g, 60 
mmoles) in 80 ml of dry tetrahydrofuran was added over 1.5 hr through 
a pressure-equalizing dropping funnel fitted with a polyethylene jacket 
filled with 2-ethoxyethanol and carbon dioxide. The reaction mixture 
was kept at  -65" for 1 hr after all the reducing agent had been added, and 
for 15 min after ethanol (2 ml) had been added. The solution was poured 
onto a vigorously stirred mixture of 300 g of ice, 100 ml of 5% aqueous 
hydrochloric acid, and 100 ml of methylene chloride. The aqueous phase 
was extracted with another 100 ml of methylene chloride and the com- 
bined methylene chloride extracts were washed with 5% aqueous hy- 
drochloric acid, aqueous sodium bicarbonate, and water, and were dried 
over magnesium sulfate. The residue, after filtration and removal of the 
solvent gave 11.1 g (99%) of 4-trichloromethyl benzaldehyde; IR (film): 
1710 cm-'. 


An attempt to prepare 4-trichloromethyl benzaldehyde from VIf and 
Raney nickel (28) gave a mixture of VIf and 4-trichloromethyl benzal- 
dehyde. 


Peracetic Acid in Methylene Chloride-Solutions were prepared 
by extraction of 40% peracetic acid in acetic acid with four volumes of 


methylene chloride. The aqueous phase was removed and the organic 
phase was dried over magnesium sulfate. The strength of the peracid 
solution was determined by titration with 0.1 M sodium thiosulfate 
(29). 
Thioacetals--Bis(4-acetamidothiophenyl)phenylmethane (1a)- 


Triethylamine (12.1 g, 120 mmoles) was added to a solution of 4-acet- 
amidothiophenol (20 g, 120 mmoles) and benzal chloride (9.65 g, 60 
mmoles) in 120 ml of dry benzene. A second layer formed, and the two- 
phase solution was heated under reflux for 55 hr. The lower phase crys- 
tallized slowly. The crystalline material was filtered after cooling, stirred 
with water, and was recrystallized three times from ethanol to give Ia; 
IR (mineral oil) 3300 and 1660 cm-'. 
Bis(4-aminothiophenyl)phenylmethane Dihydrochloride (Ib)-This 


was obtained by acid hydrolysis of Ia in boiling methanol and hydro- 
chloric acid. 
Bis(thiophenyl)-4-trichloronethylphenyl Methane (Ic)-A solution 


of p-toluenesulfonic acid (-100 mg) in 80 ml of benzene was dried by 
heating to reflux under a Dean-Stark trap. The solution was cooled, the 
trap was drained, and 4-trichloromethyl benzaldehyde (50 mmoles, crude) 
was transferred into the reaction flask. Thiophenol (11 g, 100 mmoles) 
was added, and the reaction mixture was heated to reflux under a 
Dean-Stark trap for 3 hr. Approximately 500 mg (55.5%) of water was 
formed. The benzene solution was cooled and was extracted with two 
50-ml portions of 2% aqueous sodium hydroxide, and two 50-ml portions 
of water and dried over magnesium sulfate. Compound Ic was obtained 
from the benzene extract. 


Bis(4-acetamidothiophenyl)-4-trichloromethylphenyl Methane 
(Zd)-4-Acetamidothiophenol and 4-trichloromethyl benzaldehyde were 
used in the same procedure as described for Ic except that chloroform 
was used as a solvent. Compound Id was recrystallized from acetonitrile; 
IR (mineral oil): 3300-3250, and 1680 cm-I. 


Bis(4-aminothiophenyl)-4-carbomPthoryphenyl Methane  Dihy- 
drochloride (Ze)-Compound Id was treated with boiling methanol and 
hydrochloric acid for 1.5 hr; IR (mineral oil): 1700 cm-1. 


Bis(thiobenzyl)-4-trichloromethylphenyl Methane (I1fa)-The 
method described for Ic was used to prepare IIIa from thiobenzyl alcohol 
and 4-trichloromethyl benzaldehyde. 


9,9-Bis(4-acetamidothiophenyI)fluorene (Vff a)-A solution of 
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Table 11--a-Chlorobenzyl Sulfones and Benzoyl Derivatives 
~ 


Yield, Melting Point Analysis, % 
Comuound % (Recrvstallization Solvent) Formula (mol. wt.) C H C1 N S 


Calc. 60.02 


IVa 84 


IVb 84 


IVC 67 


VIa 89 


VIb 88 


VIC 90 


VId 91 


VIe 72 


VIf 86 


VIg 92 


211-212" (tetrahydrofuran-ether) 


277-279' dec. (2-butanone) 


175-176" (cyclohexane) 


196-197' (tetrahydrofuran) 


>280' (acetone) 


216-217" (ethanol) 


188-189" (acetone) 


210-212" (methanol) 


109-110" (cyclohexane) 


239-240" dec. (tetrahydrofuran) 


CibH14ClN03S (323.42) 


C13H12CIN02S (281.78) 


C14HioC1402S (384.14) 


C14H1lClzNO (280.17) 


C1bHllC12N03 (324.19) 


CieH13C12N02S (354.29) 


CidH10C13NO (314.62) 


C14HgC13N203 (359.62) 


C14HgC130S (331.67) 


C16H1&13N02S (388.74) 


Calc. 55.71 
Found 55.54 
Calc. 55.42 
Found 55.67 
Calc. 43.77 
Found 43.91 


Found 59.64 
Calc. 55.58 
Found 54.87 
Calc. 54.24 
Found 54.07 
Calc. 53.44 
Found 54.02 
Calc. 46.76 
Found 46.96 
Calc. 50.70 
Found 50.66 
Calc. 49.44 
Found 49.67 


4.36 
4.21 
4.29 
4.34 
2.62 
2.65 
3.96 
4.02 
3.42 
3.52 
3.70 
3.43 
3.20 
3.35 
2.52 
2.64 
2.74 
2.82 
3.11 
3.24 


10.96 
11.20 
12.58 
12.80 
36.93 
37.10 
25.31 
25.65 
21.88 
23.41 
20.02 
20.17 
33.82 
33.96 
29.58 
29.46 
32.07 
32.31 
27.36 
26.75 


4.33 9.91 
4.38 9.80 
4.97 11.38 
5.00 11.20 


8.35 
8.59 


5.00 
5.22 
4.32 
4.22 
3.96 9.05 
4.07 8.74 
4.45 
4.46 
7.79 
7.73 
9.67 
9.71 
3.61 8.25 
3.62 7.82 


9,9-dichlorofluorene (2.35 g, 10 mmoles) and 4-acetamidothiopheno1(3.34 
g, 20 mmoles) in 50 ml of dry acetonitrile was heated under reflux for 18 
hr. Compound VIIa was obtained after removal of the solvent and re- 
crystallization; IR (mineral oil): 3310-3250, and 1660 cm-l. 


/3 - Disulfones-Bis(4-acetamidophenylsulfonyl)phenylmethane 
(IIa)-A 3.7 M solution of peracetic acid in methylene chloride (16.2 ml, 
60 mmoles) was added to a suspension of Ia (2.11 g, 5 mmoles) in 170 ml 
of dry methylene chloride over 15 min and the reaction mixture was 
stirred for 114 hr. The crystalline material removed by filtration gave IIa 
after recrystallization; IR (mineral oil): 3350,3310,3280,1670,1315, and 
1150 cm-'. 
Bis(4-aminophenylsulfony1)phenylmethane (I1b)-This compound 


was obtained by heating a suspension of IIa in methanol and hydrochloric 
acid for 3 hr. When IIb was recrystallized from methanol, the compound 
crystallized with solvent molecules, whereas using acetone as solvent 
would give pure IIb; IR (mineral oil): 3460,3360, 1320, and 1130 cm-l. 
Bis@henylsulfonyl)-4-trichloromethylpheny1 Methane (IIc)-This 


compound was prepared by oxidation of Ic by the method described for 
IIa; IR (mineral oil): 1330,1161, and 1150 cm-'. 
Bis(4-acetamidophenylsulfonyl)-4-trichloromethylphenyl Methane 


(IZd)-This compound was prepared from Id by the method described 
for IIa; IR (mineral oil): 3400,1690,1330, and 1150 cm-l. 
Bis(4-aminophenylsulfonyl)-4-trichloromethylpheny1 Methane 


(He)-Compound IId was acid hydrolyzed in hot ethanol and hydro- 
chloric acid to give IIe which was recrystallized; IR (mineral oil): 3460, 
3390,1310-1320, and 1135-1145 cm-I. 


4-Bis (phenylsulfonyl)methylbenzoic Acid (IIf)-A 0.054 M aqueous 
solution of sodium hydroxide (74.5 ml, 4 mmoles) was added to a solution 
of IIc (490 mg, 1 mmole) in 40 ml of tetrahydrofuran. The reaction mix- 
ture was stirred for 22 hr a t  ambient temperature. The tetrahydrofuran 
was removed under reduced pressure and the aqueous solution was ex- 
tracted with two 30-ml portions of chloroform. The aqueous solution was 
acidified with 5% aqueous hydrochloric acid and extracted with two 30-ml 
portions of chloroform. The combined chloroform extracts were washed 
with water, dried over magnesium sulfate, and gave IIf which was stirred 
with benzene; IR (mineral oil): 1690 cm-'. Two recrystallizations of IIf 
from acetonitrile gave a compound with mp 264-265'; IR (mineral oil): 
3400 and 1730 cm-l. 


Anal.-Calc. for C&160&-C, 55.54; H, 3.73; S, 14.83. Found: C, 
56.59,56.35; H, 4.08,3.87; S, 14.32. 


Bis(benzylsulfonyl)-4-trichloromethylphenyl Methane (IIIb)-This 
was prepared from IIIa by the method described for Ha; IR (mineral oil): 
1320,1150, and 1125 cm-'. 
4-Bis(benzylsulfonyl)methylbenzoic Acid (111~)-A 0.6 M aqueous 


solution of sodium hydroxide (20 ml, 12 mmoles) was added to a solution 
of IIIb (1.55 g, 3 mmoles) in 180 ml of tetrahydrofuran. The reaction 
mixture was stirred for 17 hr a t  ambient temperature. The organic solvent 
was removed under reduced pressure and the solution was acidified with 
5% aqueous hydrochloric acid. Compound IIIc was extracted from the 
aqueous phase with chloroform and recrystallized. 


Bis(phenylsulfonyl)-4-trichloromethylphenyl Chloromethane 
(Va)-A 5.25% aqueous solution of sodium hypochlorite (10 ml, 7 
mmoles) was added to a solution of IIc (490 mg, 1 mmole) in 25 ml of 


tetrahydrofuran. The solution was stirred at  ambient temperature for 
5 min and the organic layer yielded Va which was recrystallized; IR 
(mineral oil): 1350,1330,1320, and 1150 cm-'. 
Bis(4-acetamidophenylsulfonyl)-4-trichloromethylphenyl Chloro- 


methane (Vb)-This compound was prepared from IId and sodium 
hypochlorite by the method described for Va; IR (mineral oil): 3310,3270, 
and 1670 cm-'. 


9,9-Bis (4-acetamidophenylsu1fonyl)fluorene (V1Ib)-Oxidation of 
VIIa by the method described for IIa gave VIIb; IR (mineral oil): 3310, 
3280,1670,1350, and 1162 cm-'. An attempt to prepare VIIb from 9,9- 
dichlorofluorene and two molar equivalents of triethylammonium-4- 
acetamidophenyl sulfinate in acetonitrile yielded 90% of 9-fluorenone 
and 12% of IXa after heating the reaction mixture under reflux for 39 
hr. 


9,9-Bis (4-Aminophenylsulfony1)fluorene ( VIIc)-This compound 
was prepared from VIIb by acid hydrolysis in hot methanol and hydro- 
chloric acid; IR (mineral oil): 3440,3350,1315, and 1150 cm-'. 


a-Chlorobenzyl Sulfones-4-Acetamidophenyl-a-chlorobenzyl 
sulfone (IVa)-A solution of triethylammonium-4-acetamidophenyl 
sulfinate (15 g, 50 mmoles), and benzal chloride (4.03 g, 25 mmoles) in 
30 ml of NJV-dimethylformamide was heated at  100-105" for 46 hr. The 
reaction mixture was poured into 400 ml of water and the oily precipitate 
that  formed hardened slowly. The IVa crystals were filtered after 24 hr, 
washed with water, and air dried; IR (mineral oil): 3360,1700,1325, and 
1145 cm-'. 


4-Aminophenyl- a-chlorobenzyl Sulfone ( I  Vb)-This compound was 
prepared from IVa by acid hydrolysis with 11.6 M aqueous hydrochloric 
acid a t  100" for 17 hr; IR (mineral oil): 3400, 3450, 1295, and 1140 
cm-I. 


4-Trichloromethylphenyl Phenylsulfonyl Chloromethane (IVc)-A 
solution of sulfuryl chloride (0.92 ml, 11.3 mmoles) in 60 ml of n-pentane 
was added to a boiling solution of Ic (3.44 g, 8.09 mmoles) in 100 ml of 
n-pentane during 1 hr (13). The reaction mixture was heated under reflux 
for an additional 2 hr. The n-pentane was removed under reduced pres- 
sure. The residue was dissolved in 200 ml of methylene chloride and a 1.59 
M solution of peracetic acid in methylene chloride (61 ml, 97 mmoles) 
was added with stirring over 30 min. The reaction mixture was stirred 
at  ambient temperature for 144 hr. The solution was concentrated under 
reduced pressure to 20 ml and white crystals precipitated upon addition 
of 5 ml of cyclohexane. The crystals were separated by filtration and 
washed with cyclohexane to give IVc which was recrystallized; IR (mineral 
oil): 1320 and 1150 cm-'. 


Derivatives of 4-Dichloromethylbenzoyl Chloride (X)-4-Di- 
chloromethylbenzanilide (VIa)-This compound was prepared from 
a solution of X and aniline in benzene; IR (mineral oil): 3330 and 1640 
cm-'. 
4'-Carboxy-4-dichloromethylbenzanilide (VZb)-This compound 


was prepared from a solution of X, 4-aminobenzoic acid, and pyridine 
in tetrahydrofuran; IR (mineral oil): 3310 and 1690-1640 cm-l. 
4-Acetamidophenyl-4-dichloromethyl Thiolbenzoate (VZc)-This 


compound was prepared from a solution of X, 4-acetamidothiophenol, 
and pyridine in tetrahydrofuran, IR (mineral oil): 3300 and 1660 
cm-I. 
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Derivatives of 4-Trichloromethylbenzoyl Chloride (X1)-4-Tri- 
chloromethylbenzanilide (VZd)-A solution of XI and aniline in tetra- 
hydrofuran gave VId; IR (mineral oil): 3310 and 1650 cm-1. 
4’-Nitro-4-trichloromethylbenzanilide (VIe)-A solution of XI, 4- 


nitroaniline, and triethylamine in acetonitrile gave VIe; IR (mineral oil): 
3390 and 1670 cm-’. 


S- (Phenyl)-4-trichloromethyl Thiolbenzoate (VZf)-A solution of 
XI, thiophenol, and triethylamine in tetrahydrofuran gave VIf; IR 
(mineral oil): 1660 cm-’. 


S- (4-Acetamidophenyl)-4-trichloromethyl Thiolbenzoate (VZg)-A 
solution of XI, 4-acetamidothiophenol, and triethylamine in tetrahy- 
drofuran gave VIg; IR (mineral oil): 3250 and 1660 cm-’. 


a-Disulfones a n d  Thiolsulfonates-Bis(4-acetylaminophenyl 
Sulfone) (VIZIa)-This was prepared (30) from 4-acetamidophenyl 
sulfinic acid and potassium permanganate, mp 245’ [lit. (30) mp 245-250” 
dec.]. 


Bis(4-aminophenyl Sulfone) (VZZZb)-Acid hydrolysis of VIIIa in 
hydrochloric acid, methanol, and N-methyl-2-pyrrolidone at  100’ for 
2 hr gave VIIb. Compound VIIIb was recrystallized from a mixture of 
N-methyl-2-pyrrolidone and water, mp 215’ dec. (31); IR (mineral oil): 
3490,3400,1320, and 1125 cm-’. 


Anal.-Calc. for C12H12N204S2; C, 46.14; H, 3.88; N, 8.97; S, 20.53. 
Found: C, 48.87; H, 4.10; N, 8.89; S, 20.39. 
4‘-Acetamidophenyl-4-acetamidobenzene Thiolsulfonate (1Xa)- 


Compound Ia (6.35 g, 15 mmoles) was suspended in 55 ml of acetic acid, 
and 30% hydrogen peroxide (8.55 g, 75 mmoles) was added during 30 min. 
The temperature of the reaction mixture was kept below 35’ with occa- 
sional ice cooling during the addition of hydrogen peroxide. Stirring was 
continued for 37 hr. The suspension was poured into 450 ml of water and 
the undissolved material was filtered, and washed with water giving 4.34 
g (81.5%) of IXa, mp 219-221’ dec. Recrystallization from a mixture of 
N,N-dimethylformamide and water gave 3.22 g (59%) of IXa, mp 
223-224’ dec. [lit. (30) mp 236-237’ dec.]. 


4’-Aminophenyl-4-aminobenzene Thiolsulfonate (IXb)-This 
compound was prepared by acid hydrolysis of IXa in hydrochloric acid 
and methanol, mp 185-186’ dec. [lit. (30) mp 183’1. 
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Abstract  This report describes a sensitive gas chromatographic pro- 
cedure for the measurement of trifluoperazine in human plasma. Tri- 
fluoperazine was extracted into heptane-2-propanol by a two-step pro- 
cedure and analyzed directly without derivatization. Prochlorperazine 
was employed as an internal standard because its structural and ex- 
traction characteristics were similar to trifluoperazine. The use of a ni- 
trogen detection system reduced the number of interfering peaks. The 


within-day coefficient of variation in the method, over a 0.2-20-ng/ml 
concentration range was 9.4%. 


Keyphrases 0 Trifluoperazine-gas chromatographic measurement 
in human plasma 0 Gas chromatography-measurement of tri- 
fluoperazine in human plasma Tranquilizers-trifluoperazine, gas 
chromatographic measurement in human plasma 


The relationship between plasma concentrations of 
various psychoactive drugs and their clinical effects was 
recently discussed (1,2). It was shown that drug concen- 


trations can vary widely among patients receiving identical 
doses (3-6). Based on such interindividual variations in 
plasma levels of psychoactive drugs, it was suggested that 
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human studies described in this paper. The higher sensitivity and greater 
convenience of the [1251)-based assay have resulted in its use in current 
meobentine studies. The plasma profile in the subjects studied indicated 
that meobentine kinetics are multicompartmental in nature with a long 
terminal half-life (11-14 hr). A long terminal half-life has also been seen 
with bethanidine (18) and bretylium (19) in humans. Mean peak meo- 
bentine plasma levels in the same group of volunteers essentially doubled 
from 239 to 451 ng/ml with an increase in dose from 2.5 to 5.0 mg/kg. 
Mean area under the curve also approximately doubled from 1890 to 3358 
ng hr/ml over this dose range. These observations suggest linear kinetics 
for meobentine in the 2.5-5-mg/kg dose range. Clearance (TBC/F) did 
not change significantly with increasing dose. The extent of absorption 
and bioavailability of meobentine are currently under investigation in 
animals and humans. The related guanidine, bethanidine, has been re- 
ported to be well absorbed by humans (18). 


Currently, these radioimmunoassay procedures are being applied to 
detailed studies of the disposition of meobentine sulfate in animals and 
humans. Studies of the absolute oral bioavailability and pharmacokinetics 
of meobentine sulfate will be presented elsewhere in the near future. 
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Abstract 0 The effect of sampling probe size and location on the in uitro 
dissolution rate of prednisone tablets was examined. Using USP XX 
Apparatus 2 with an automated sampling system, dissolution rates were 
determined using two types of large filter-tipped probes and a small 
capillary probe. Each probe was tested at  three locations within the kettle. 
The large probes caused hydrodynamic changes which, when compared 
with results obtained through manual sampling, resulted in significant 
changes in dissolution rates a t  each location. These changes were less 
evident when the capillary probe was used, with an insignificant differ- 
ence between results of automated and manual sampling when the cap- 
illary probe was placed midway between the paddle shaft and the kettle 
wall. 


Keyphrases 0 Dissolution rates-effect of sampling probe size and lo- 
cation on dissolution rate of prednisone tablets Hydrodynamics- 
dissolution rates affected by sampling probe size and location, USP 
paddle method Prednisone-tablets in dissolution rate testing with 
effects of sampling probe size 


Automated sampling and analysis of in uitro dissolution 
aliquots can be a useful, timesaving procedure. Several 
automated sampling systems are commercially available 
in which aliquots of the dissolution fluid, taken at specified 
times, travel into sample cups or into an automated ana- 
lytical system. Results of such a system are not generally 


considered acceptable, however, unless they agree with 
those obtained by manual sampling. 


A large number of dissolution testing variables have 
been identified (1). These need to be strictly controlled if 
reproducible results are to be obtained. Changes in any of 
these variables can have a significant effect on the disso- 
lution rate of a dosage form. A previous study (2) showed 
that the dissolution rate is affected by the effects of various 
dissolution parameters on the hydrodynamics of the dis- 
solution fluid. Another study (3) showed that the hydro- 
dynamic disturbance caused by insertion of a relatively 
large object, such as a thermometer, into the dissolution 
fluid may cause a change in dissolution rate, and that the 
location of such an object can also have a significant ef- 
fect. 


With most automated sampling systems now in use, a 
relatively large filter-tipped probe is immersed in the 
dissolution fluid. The above studies imply that a large 
probe can affect the system hydrodynamics, and therefore 
the dissolution rate of some dosage forms, thereby causing 
results which differ from those obtained by manual sam- 
pling, and that a smaller probe may have less effect on the 
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Table 1-Tape Program for Automated Dissolution Sampling 
System 


Peristaltic 
Time, niin Valve Position Function 


0 1 Start  
29:15 2 Sample 
31:oo 3 Wash 
32:oo 4 Standard 
3315 5 Empty Coil 1 
3430 6 Empty Coil 2 
35:45 7 Empty Coil 3 
37:OO 8 Empty Coil 4 
38:15 9 Empty Coil 5 
:19:30 10 Empty Coil 6 
40:45 11 Wash 
4200 12 s top  


dissolution rate. A previous study (4) confirmed this im- 
plication by showing that manual aliquots taken while a 
large probe was suspended in the dissolution fluid gave 
higher results than those obtained when a small capillary 
probe or no probe was present. 


In the work described in this paper, the effect of sam- 
pling probe size and probe location within the dissolution 
kettle were investigated by using an automated sampling 
system to collect aliquots through probes of several sizes 
and by comparing these results with those obtained by 
manual sampling. 


EXPERIMENTAL 


Principles-Dissolution testing was performed using the USP (5) 
method on a sample of 10-mg prednisone tablets which had been shown 
to be sensitive to changes in dissolution testing parameters’. Using an 
automated sampling system, samples were withdrawn a t  30 min, se- 
quentially diluted with water, and passed through a spectrophotometer 
flowcell, with absorbance measured a t  242 nm. For comparison, manual 
samples were taken from separate dissolution runs, filtered, and deter- 
mined spectrophotometrically. 


The dissolution apparatus2 was USP XX Apparatus 2 (6). Paddle 
rotation speed was maintained a t  50 rpm with a gear plate. Temperature 
was maintained at  37.0 f 0.5’ using a heater-circulator3 immersed in the 
water bath. 


The automated sampling and analysis system4 consisted of a multi- 
channel peristaltic valve; plattered manifold for storage; and sequential. 
analysis of sampled aliquots, tape programmer, peristaltic pump, spec- 


I.ZmL/min 
from sample 
acquisition , wI;- system 


Mixer IX I3 I 1-e diluent (HzO +surfactant) 


L e  air 


Recorder 


Spectrophotometer 


Figure I-Floui diagram for postsampling analytical system. All pump  
tubes a r p  Tygon; all transmission tubing is trifluoroethylene, 1.0-mm 
id.; W indicates flour to waste reservoir. 


1 Cox, D. C., personal communication. 


* Sample Acquisition System for Dissolution Rate Analysis (SASDRA) with 


Easi-Lift model 7 3 4  Hanson Research Co., Northridge, Calif. 
Rraun Thermomix model 1441, VWR Scientific, Norwalk, Calif. 


Quality Control Manifold, Technicon Instruments Corp., Tarrytown, N.Y. 


U 
Probe 1 Probe 2 Probe 3 
Figure 2-Three types of probes used in automated sampling. Key: A ,  
filter; B ,  filter; C ,  N7 nipple connector; D ,  glass capillary tube,  size 
0.8-1.10 X 100 mm; E ,  Dl “h”-connector; F ,  N5 nipple connector. Parts 
are connected to each other mith sleeves of rubber tubing. 


trophotometer (set at 242 nm) with a 15-mm flowcell, and recorder. The 
apparatus was programmed according to Table I. This program allowed 
for sampling from each dissolution kettle at 30 min, with each aliquot 
being stored in a separate holding coil. A portion of standard solution was 
then introduced to the analytical system followed by sequential intro- 
duction of the contents of each sample storage coil. The schematic di- 
agram in Fig. 1 shows the postsampling analytical system. 


The three types of sampling probes used with the automated sampling 
system are shown in Fig. 2. In Probes 1 and 2, commercially available 
filters5v6 were attached to glass stalks connected to the “h”-connectors 
in the automated sampling system. The filters and stalks were suspended 
in the dissolution fluid throughout the dissolution run. In Probe 3,  the 
glass stalk connected to the “h”-connector was extended into the disso- 
lution fluid. The filter was attached “downstream”from the connector. 
Maximum immersed diameters for Probes 1 , 2 ,  and 3 were 8.0,7.2, and 
1.5 mm, respectively. Displacements of the immersed portions of the three 
probes were 1.1,0.7, and 0.1 ml, respectively. 


Manual sampling was performed using 50-ml syringes with 14-gauge 
needles. Aliquots were filtered through p 0.8-pm porosity membrane 
filters‘ and analyzed spectrophotometrically. 


Reagents and Standards-Distilled water, deaerated by stirring 
under reduced pressure for 2 hr was used as the dissolution fluid. 


No. 178-3985-PO1 (Filter A), Technicon Instruments Corp., Tarrytown, N.Y. 
No. FT-6006 (Filter B) ,  Centaur Chemical Co., Stamford, Conn. 
No. AAWP-02500. Millipore Corp., Bedford, Mass. 
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Table 11-Results of Dissolution Testing of Prednisone Tablets, Percent of Label Declaration 


Sampling Location 
A B C 


Sampling System Mean SD N ”  Mean SD N Mean SD N 
Manual 34.5 2.1 18 36.5 3.1 35 36.3 2.3 17 
Automated, Probe 1 44.9 4.3 18 43.3 3.4 27 32.7 4.6 24 
Automated, Probe 2 N T b  43.1 2.4 12 N T  
Automated, Probe 3 38.1 3.1 18 36.7 3.3 52 34.5 3.3 18 


a Number of aliquots taken. 


The diluent used in the automated analysis was prepared by adding 
1 ml of surfactants to 1 liter of water. 


The standard stock solution was prepared by dissolving 25 mg of 
prednisone USP Reference Standard in 20 ml of ethyl alcohol and di- 
luting to 500 ml with water. A working standard was prepared daily by 
diluting a 10-ml standard stock solution to 100 ml with water. 


Procedure-Before the automated sampling system was used, all lines 
and coils were filled with their respective solutions, and the system was 
allowed to equilibrate by running in the “wash” position for -30 min. To 
start the dissolution run, the peristaltic valve was set in Position 1, and 
the dissolution apparatus was turned on. With all paddles rotating and 
sampling probes in the proper positions within the kettle, tablets were 
dropped simultaneously into all kettles and the programmer was turned 
on. After the 30-min sample aliquot collection (with the peristaltic valve 
in Position 3), the probes were removed from the kettles and placed in 
a beaker of water until the end of the analysis. 


Dissolution testing was performed with samples withdrawn either 
manually or by automation from one of the three positions shown in Fig. 
3. Position A is 0-1 cm from the wall of the vessel, Position B is midway 
between the kettle wall and the paddle shaft, f0 .5  cm, and Position C 
is 0-1 cm from the paddle shaft. The vertical location of all three probe 
positions is midway between the surface of the dissolution fluid and the 
level of the top of the paddle blade. Position B is the generally accepted 
position for manual sampling (1). 


Not tested. 


RESULTS AND DISCUSSION 
Accuracy and reproducibility of the automated system were tested by 


running the system with the probes immersed in standard solution con- 
centration of 7.08 pg/ml, equivalent to 35.4% of the declared tablet con- 
tent dissolved. Each set of sampling probes was tested in this manner, 
with two runs of 6 aliquotdrun made for each probe. Recoveries were 
102.6, 101.7, and 101.4%, with coefficients of variation of 0.408,0.554, and 
0.796 for Probes 1,2,  and 3, respectively. Linearity was tested by aspi- 
rating standard solutions of 1.6,3.2,4.8,6.4,7.8, and 9.6 pg/ml, equivalent 
to 8.0-48.0% of the declared tablet content dissolved, using each of the 
three types of sampling probes. The response was linear throughout this 
range for each type of probe. 


Dissolution testing of prednisone tablets was performed, with aliquots 
taken from each of the three kettle locations. Sampling was done auto- 
matically, using the three automated sampling probes, and manually. 
Results are summarized in Table 11. 


Statistical comparisons of dissolution results using each of the auto- 
mated sampling probes with results obtained by manual sampling indi- 
cated a significant effect of the size of the probe. When aliquots were 
taken from the generally recommended Position B, each of the larger 
probes (Probes 1 and 2) gave significantly higher results than those of 
manual sampling when the t criterion was used a t  the 1% level of signif- 
icance. The difference between the results using the smaller Probe 3 and 
the manual results was insignificant. In Position A, automated sampling 
with all probes gave significantly higher results than manual sampling, 
although the results with the larger probes were much higher than with 
the smaller. A different hydrodynamic effect was seen, however, when 
automated sample probes were suspended in Position C. Automated 
results from this position were lower than those obtained by manual 
sampling, with the lowering effect being more pronounced with the larger 
probes. 


By subjecting the manual sampling data for the three sampling posi- 
tions to a two-way analysis of variance a t  the 2% level of significance, it 
was shown that there was no significant difference among the three mean 
percentages dissolved, thereby indicating that no significant horizontal 
concentration gradient existed within the kettle. The observed changes 
in dissolution rates obtained by automated sampling were, therefore, 
caused by interference by the sampling probes with the hydrodynamic 


Brij-35, 30% aqueous solution, Fisher Scientific Co., Fair Lawn, N.J. 


flow within the kettle. The degree of interference was directly related to 
the size of the probe as well as to its location. 


The hydrodynamic change caused by insertion of the large probes was 
confirmed by visual observation. The normal disintegration of the 
prednisone tablets within the dissolution kettle formed a regular cone- 
shaped pile of undissolved tablet material, with a small amount of ma- 
terial dispersed throughout the medium. Extension of the large Sampling 
Probe 1 into the medium a t  Position B caused an immediate shifting of 
the conical pile to one side, followed by the dispersal of considerably more 
tablet material throughout the medium. This dispersal would account 
for the higher dissolution results obtained. The effect was more pro- 
nounced when the probe was extended into Position A. With the large 
probe in Position C, the conical pile became taller and narrower, with an 
apparent decrease in the amount of dispersed material accounting for 
the lower dissolution results. The insertion of the capillary prohe into 
any of the three positions caused little or no visible disturbance of the 
undissolved tablet material. 


CONCLUSIONS 


The large sampling probes provided with several commercially avail- 
able automated dissolution sampling systems were shown to cause sig- 
nificant hydrodynamic disturbances, resulting in changes in the disso- 
lution rate of a sample of prednisone tablets. The disturbances were re- 
duced through the use of a small capillary probe. Probe location within 
the kettle was also shown to require careful control. While only one type 
of tablet was used in this study, the changes in dissolution hydrodynamics 
caused by the sampling probe could be expected to affect the dissolution 


F igu re  3-Three probe locations used in dissolution sampling. 
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rate of other types of dosage forms. I t  is therefore recommended that the 
sampling probes used with automated sampling systems be made as small 
as possible, and that the horizontal sampling position be carefully 
maintained halfway between the paddle shaft and the kettle wall. 
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Abstract The relationships between organ clearances derived from 
physiological pharmacokinetic models and the first-order rate constants 
in compartmental pharmacokinetic models are frequently difficult to 
visualize when drugs are eliminated simultaneously by several organs. 
Two simple methods for showing these relationships are illustrated in 
this paper. 


Keyphrases 0 Pharmacokinetics-construction of compartmental 
models from physiological models of drug disposition, first-pass effects 
0 First-pass effects-construction of compartmental pharmacokinetic 
models from physiological models of drug disposition 0 Compartmental 
models-construction of pharmacokinetic models from physiological 
models of drug disposition, first-pass effects 


Changes in the blood concentrations of drugs after their 
oral administration are frequently fitted to a phar- 
macokinetic equation representing a three-compartment 
model in which it is assumed that all eliminating organs 
are within the central compartment. In such a model, a 
first-order rate constant is frequently used to rep- 
resent the absorption of a drug from the GI tract into a 
central compartment and first-order microconstants ( k  12, 
k21) are frequently used to represent the passage of the 
drug between the central and peripheral compartments. 
The elimination of the drug from the body is represented 
by a first-order microconstant ( h  10) emanating solely from 
the central compartment. This model would be identical 
to that pictured in Fig. 1 except that 1213, kzo, and h:jo would 
be zero. 


Despite the simplicity of this model, it adequately de- 
scribes the major events in the absorption and disposition 
of most drugs and, thus, has gained wide acceptance. But 
it is invalid in many situations, particularly those in which 
drugs are very rapidly cleared by enzymes in the GI mu- 
cosa, liver, and lung (the first-pass organs) and those sit- 
uations in which the drug passes into the GI tract by re- 
versible diffusion from mucosal blood into the lumen of the 
GI tract or by biliary excretion. Moreover, the model also 
fails to describe adequately the pharmacokinetics of me- 
tabolites that are rapidly cleared by various organs. In 


these situations it is necessary to consider physiological 
models. 


Several years ago, Bischoff and Dedrick (1) developed 
a physiological approach in which Fick’s Principle is ap- 
plied to individual organs. In this approach, each organ 
comprises three homogeneous compartments: the blood, 
the interstitial fluid, and an intracellular compartment. 
Since a differential equation is required to express the rate 
of change in the mount  of drug in these subcompartments 
of each organ, the number of equations required to de- 
scribe changes in the disposition of the drug in the body 
at  any given time can be quite large; frequently as many 
as 15-20 equations are used. It is possible to integrate a set 
of such equations by means of LaPlace transforms. Un- 
fortunately, the pharmacokinetic constants obtained by 
integration of the simultaneous equations or from mea- 
surements of drug concentrations in blood are virtually 
impossible to interpret in physiological terms. 


The present paper describes a general approach for 
developing pharmacokinetic models that combine some 
of the complexities that can occur during rapid simulta- 
neous elimination of drugs by several organs with the 
simplicity of the linear three-compartment model. The 
approach is essentially intuitive and, thus, requires very 
little mathematical ability. It is illustrated by a model in 
which a drug is rapidly cleared by the GI mucosa, the liver, 
the lungs, and the kidneys. 


THEORY 


As in the three-compartment model, it is assumed that after rapid 
injection into the aorta, a drug is almost instantaneously distributed into 
a central compartment that  includes most of the organs of elimination 
such as the kidneys, the GI mucosa, the liver, and the lungs. Thus, by the 
time the arterial concentration of the drug is estimated, the ratios of the 
intracellular concentrations of the drug in the organs included within the 
central compartment to the drug concentration in arterial blood have 
reached constant values. (This is usually estimated indirectly by mea- 
suring the drug concentration in systemic venous blood: draining a 
nonelimination organ such as an arm.) Under these quasi steady-state 
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REVIEWS 


Burger’s Medicinal Chemistry, 4th Ed., Part 111. Edited by 
MANFRED E. WOLFF. Wiley, 605 Third Ave., New York, NY 10016. 
1981. 1354 pp. 18.5 X 26 cm. Price $100.00. 
This book is part of an excellent series in the medicinal chemistry field. 


With contributions by a number of knowledgeable and literate authors, 
the contents include drugs acting on the central nervous system, the 
autonomic nervous system, the cardiovascular system, and the renal 
system. The book is a well-balanced blend of the theoretical and practical 
aspects of the field and its potential application to new discoveries. 


Each chapter is well planned, emphasizes biochemical rationale, 
structure-function relationships, and metabolism, and is adequately 
referenced to provide the reader with sources of more detailed informa- 
tion. This text is also characterized by thoughtful attention to pedagogy, 
since the prose does more than fill the space between structures and 
equations. The book contains many useful tables, graphs, and other il- 
lustrations and is replete with numerous structures. 


Professor Wolff has assembled an informative and excellent text, so 
it is regrettable that the major limitation of this potentially useful text 
appears to be its price. Overall, the present volume together with Parts 
I and I1 of the series offers a high quality and useful source of information 
with broad application across the biomedical sciences. Professor Wolff 
upholds the series’ reputation as one of the classic and indispensable 
reference works for those in teaching and research. 


Reuiewed by Claude Piantadosi 
School of Pharmacy 
University of North Carolina 
Chapel Hill, NC 27514 


The authors of the chapters dealing with the pharmacological classes 
of agents have used a variety of formats to cover their topics. In general, 
they discuss pharmacological actions, absorption, distribution, metab- 
olism and excretion, clinical uses, and structure-activity relationships 
and give appropriate examples. Often this information is set out against 
a background survey of biochemistry pertaining to the group under 
consideration. In some of these chapters, the explanations of the agents’ 
pharmacological actions, based on the structural reasons for their ability 
to fit into a biochemical sequence, are impressive. The overall quality of 
these chapters, despite differing organizational styles, is very good. 


While the individual chapters impress as compact, self-contained 
entities, some readers may notice instances of redundancy. For example, 
the scheme for catabolism for certain neurotransmitters is repeated in 
detail in several chapters and the pharmacology of a number of thera- 
peutic agents is given several times. I t  is possible that such repetition 
cannot be avoided in a multiauthored work. In addition, while back- 
ground pharmacology, biochemistry, and the clinical uses of the agents 
are almost always thoroughly treated, chemical properties such as acidity, 
basicity, and chemical stability are sometimes not discussed. Perhaps 
inclusion of such coverage would not only help students appreciate some 
pharmaceutically important properties but would also help them relate 
structure and chemical properties t o  absorption, distribution, metabo- 
lism, excretion, and biological actions. 


In summary, all chapters bear evidence of careful scholarly preparation. 
They are generally thorough and current in their coverage and are quite 
readable. The book meets its objectives very well and should afford ex- 
cellent reading for medicinal chemists, pharmacologists, and students 
in pharmacy and related disciplines. 


Reviewed by Eugene Isaacson 
Idaho State University 
College of Pharmacy 
Pocatello, ID 83201 


Principles of Medicinal Chemistry. Edited by WILLIAM 0. FOYE. 
Lea & Febiger, 600 S. Washington Square, Philadelphia, PA 19106. 
1981.931 pp. 18 X 26 cm. Price $45.50. (Canada $54.50). 
This book assembles 39 chapters of information associated with text- 


books intended for undergraduate courses in organic medicinal chemistry. 
The first six chapters give effective coverage of general introductory 
principles; thereafter, with the exception of Chapters 27-29 (which 
provide good introductions to drugs of plant origin and subsequent 
chapters on chemotherapeutic agents), the book proceeds systematically 
through major pharmacological or therapeutic classes of drugs. 


Discussions are generally restricted to organic agents, although actions 
of some inorganic agents such as iodine and iodides, sodium nitroprusside, 
and gold sodium thiosulfate are cited. The last chapter is also an excep- 
tion to the overall organic medicinal chemical content in that it incor- 
porates a very good introduction to radiopharmaceuticals. Finally, there 
is an appendix containing useful compilations of pKa values for a number 
of drugs and pH values for body fluids. 


Toxicants and Drugs: Kinetics and  Dynamics. By ELLEN J. 
O’FLAHERTY. Wiley, 605 Third Ave., New York, NY 10016. 1981, 
398 pp. 16 X 24 cm. Price $42.50. 
This useful book approaches a complex subject with a disarming 


frankness not usually found in such texts. In the preface, the author states 
that  the first chapter reviews algebra and calculus a t  a level designed to 
give nonmathematicians-even antimathematicians!-confidence that 
they can “do” kinetics. After hopefully instilling such confidence and 
expertise, the reader is eventually lead into sophisticated concepts re- 
lating to disposition in saturable and nonlinear systems, the plateau 
principle of chronic exposure, receptor theory, pharmacodynamics and 
dose-response relationships. The book is a gem. A useful list of definitions 
of various symbols is included as a separate section and as an added 
bonus, a number of interesting problems taken from examples in the 
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Abstract Brine shrimp (Artemia salina L.) were exposed to concen- 
trations of live Gonyaulax tamarensis var. excauata cells ranging from 
0 to 13,400 cells/ml in unialgal culture. The shrimp ingested the dino- 
flagellate cells and an LD5" determination was made. The shrimp had 
a 72-hr LD50 of 1258 G. tamarensis cells/ml, which was calculated to 
correspond to 73,385 pglkg of body weight. This figure can he compared 
with an oral LD.50 value of 2100 pglkg for the mouse. Since it requires 
one-tenth as much toxin to kill a mouse (LDso approximately 0.04 mg) 
as to kill an Artemia (LD5o approximately 0.4 mg), the whole cell G. ta- 
niarensrs bioassay is a poor alternative to the current mouse assay. 


Keyphrases Paralytic shellfish poisoning-toxicity of Gonyaulax 
tamarensis var. excavata cells to brine shrimp 0 Brine shrimp-toxicity 
of Gonyaulax tamarensis var. excauata, potential bioassay for paralytic 
shellfish poisoning Bioassay-potential, toxicity of Gonyaulax tam- 
arensis var. excauata to brine shrimp, paralytic shellfish poisoning 


Paralytic shellfish poisoning is a potentially fatal form 
of food poisoning caused by ingestion of shellfish that have 
been feeding on blooms of toxic dinoflagellates (1). Mol- 
lusks feeding on the dinoflagellates appear unaffected, the 
immunity apparently related to a lack of sensitivity of the 
nerves of bivalve mollusks to the action-potential blocking 
effects of the toxins (2). Isolated crayfish (Procambarus 
clarkii) (3), spider crab (Maia squinado)  (4), and Ameri- 
can lobster (Homarus americanus) (5) nerves have been 
found to be highly susceptible to  the toxins. Controlled 
feeding of highly toxic clams to  lobsters has, however, 
failed to demonstrate any toxicity to the intact animal 
(6). 


The present study attempted to develop an inexpensive 
bioassay for paralytic shellfish poison to replace the costly 
mouse assay, and to determine the LD50 value of the 
gonyautoxins present in the Atlantic dinoflagellate 
Gonyaulax tamarensis var. excavata,  to  a crustacean 
(Artemia salirza L.). This was a preliminary step in the 
investigation of the immunity mechanism of crustaceans 
to the toxins. 


EXPERIMENTAL 


Culture of Organisms and Confirmation of Dinoflagellate Tox- 
ity-Experimental media for culture of Gonyaulax (Gonyaulax medium) 
were prepared from salt well water' and supplemented with 100 mg of 
KN03, 10 mg of KzHP04, 1 mg of FeC13, and 0.05 mg of NasSiOs/liter. 
The pH was adjusted to 8.6 with 1 N NaOH (7). This solution was steri- 
lized by autoclaving for 15 min a t  15 psi. Traces of cyanocobalamin and 
thiamine solutions which had been filtered through a sterile membrane 
filter unit were added to  the medium aseptically (8). 


The culture was initiated by inoculating 1 liter of medium with 1 ml 
of' stock Gonyaulax tamarensis var. excauata, (Strain IB-72)' culture 
containing 20,000 cells/ml and was then incubated a t  20" for 30 days in 
%liter Fernbach flasks. All cultures were incubated under continuous 
illumination in an environmental chamber. G tamarensis cells in the 


Flower's Oyster Hatchery. Rayville, N.Y. 
'' Ih .  Christopher Martin, Llniversity of Massachusetts Marine Station, 


Gloucester. MA 01930. 


culture were counted with a hemacytometer slide using appropriate 
dilutions to count 1-ml samples (6). The toxicity of this G. tamarensis 
strain was confirmed by mouse assay of an extract of the dinoflagellate. 
Three liters of %day G. tamarerwis culture containing 2500 cells/ml were 
membrane filtered. The filter pads were then placed into 100 ml of 0.1 
N HC1 to lyse the cells. The clear yellow-green solution was refiltered 
to remove cellular debris, and the solution assayed using female white 
mice (9). Dunaliella salina3 (a nontoxic marine phytoflagellate) was 
extracted and assayed as described. Brine shrimp (Artemia salina L.) 
eggs4 were hatched and raised to the adult state (10) with Dunaliella 
salina as an additional food source. 


Brine Shrimp Assay-The experimental vessels for the study of G. 
tamarensis toxicity to brine shrimp were 125-ml Erlenmeyer flasks which 
had been loosely stoppered with nonabsorbent cotton and autoclaved 
a t  15 psi for 15 min. The dinoflagellate source was a 29-day G. tamarensis 
culture with an original concentration of 13,400 cells/ml. The experiment 
was performed using five different dinoflagellate concentrations (13,400, 
6700,3400,1300, and 135 cells/ml) and a control containing no cells. Each 
flask was prepared by removing a portion of the stock culture with a 
sterile pipet and placing the calculated volume containing the appropriate 
number of cells into an aliquot of diluent (sterile Gonyaulax medium) 
in one of the experimental flasks. Five brine shrimp were then added to 
each flask, and five flasks were used for each concentration of dino- 
flagellate cells. The experiment was repeated four times for a total of 100 
shrimp a t  each concentration of cells. After restoppering the flask with 
its cotton plug, it was examined for cessation of Artemia swimming 
motions a t  intervals of 20 min, 1, 8, 24, and 72 hr. 


Two controls for this portion of the experiment were sterile Gonyaulax 
medium to which no inoculum had been added, and medium from an 
active culture of G.  tamarensis (13,400 cells/ml) from which the cells had 
been removed by membrane filtration. Bioassay data on C. tamarensis 
were used to calculate LD50 values by transforming the curve for percent 
mortality versus log dose of toxin (cells/ml) to a straight line by probit 
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Figure 1-Partially digested Gonyaulax tamarensis uar. excavata within 
the digestiue tract o f a  brine shrimp (Artemia salina L.). Top-uiem of 
Artemia with ingested dinoflagellate for size comparison. Bottom- 
Enlarged section of digestiue tract shouing phases of dinoflagellate 
degradation: (a) Intact G.  tamarensis cells at beginning of tract, (b) cell 
further along in tract shou~ ing  swelling and loss of  cellular detail, and 
( c j  cell fragments. 


'' Carolina Biological Supply Co.,  Burlington, N C  27215 
Ward's of California, Monterey, CA 93940. 
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Table I-Intraperitoneal Toxicity of Dinoflagellate and Dunaliella salina Control Extracts  to Mice 


Median Toxicity 
Number of Toxin Average Weight, Mouse, 


Mice Source g Dilution PH Unit a / m l  pg/lOO g Meat 


3 GTX exto 10.6 1:5 2.0 1.008 1.09 21Sb 
3 Dunaliella 10.9 1:l 2.0 0.0 0.0 000 


extract 


a GTX ext = G. tomarensis cell extract. h Calculated theoretical values fur purposes of comparison. 


Table II-LDso Values for G. tamarensis Cells t o  Artemia salina L. at 20 f 2” 


Number of 
G. tamarensis Concentration, Test Number of Test Organisms Dead, hr 


cells/ml Organisms 1 8 24 48 72 


13,400 
6,700 
3.400 


100 
100 
100 


0 
0 
0 


3 
3 
0 


38 
28 
16 


69 
69 
42 


87 
81 
61 


1,300 100 0 2 16 48 62 
135 100 0 1 4 13 39 


0” 100 0 1 5 12 19 
O* 100 0 0 1 1 2 


8 hr 24 hr 48 hr 72 hr 
LD5o (cells/ml) from probit analysis 7.24 X 10’O 36308 5875 125ac 
95% confidence limits 1.53 X 10” 45709 9078 2058.7c 


3.43 x 109 28840 3802 703.6c 
Slope of probit line 0.28069 0.9345 1.0145 0.8098 


f0.1576 f0.0538 f0.0464 f0.0151 


0 Control using inoculated Gonyaulax medium with cells removed by membrane filtration. This value was used in LDm computations. * Control using sterile Gonyaulax 
medium. c Indicates value obtained by computer. 


analysis (11), using a computer program written specifically for the 
purpose5. 


RESULTS AND DISCUSSION 


Confirmation of Toxicity of G. tamarensis Culture-The solution 
obtained from extraction of the dinoflagellate was found to be toxic to 
mice (Table I). Concentration of toxin as determined by mouse assay was 
109 pg/1000 ml of extract. This is 1 wg of saxitoxin equivalent/2294 cells. 
In the Dunaliella control solution, all mice survived. 


Brine Shrimp Assay-The two control groups using Gonyaulax 
medium (uninoculated and inoculated with cells removed) gave negligible 
mortality and a pronounced mortality of 19%. respectively (Table 11). This 
second mortality was taken into account when calculating the LDso. 


Mortality in the control group followed a pattern similar to that seen 
in the experimental group and was probably caused by toxins released 
into the medium by dinoflagellate cells (12). Brine shrimp added to G. 
tamarensis cells became intoxicated and died. Microscopic examination 
of the Artemia disclosed the presence of dinoflagellate cells within their 
digestive tracts (Fig. 1). The computer program used for statistical 
analysis of the data took into account the 19% control mortality (11). 
Thus, the rate at  which Artemia were killed (according to this model) 
depended on the concentration of G. tamarensis cells rather than on the 
rate of dinoflagellate ingestion by the brine shrimp. Further studies on 
the rate of dinoflagellate ingestion should provide more accurate esti- 
mates of oral LD50. Upon intoxication, the Artemia underwent a period 
of hyperactivity during which they evinced a series of contractions (an- 
terior-posterior curling and uncurling motions). This lasted for 1-2 hr 
and then ceased. Soon after, the shrimp lost their ability to remain near 
the surface of the medium and sank to the bottom of the container. The 
vigor of swimming motions decreased gradually and the organism ceased 
all movements. 


The LD50 for 72 hr was 1258 cells/ml in 50 ml of medium (Table 11). 
This value was converted to a microgram per kilogram lethal dose by 
taking the value of 1 pg of toxin/2294 cells and multiplying it by the 20% 
toxin reduction expected between the 25th and 29th days of culture (13). 
The corrected value for toxin content per dinoflagellate cells is 1 pg of 
toxin/2868 cells. This figure yields a toxin content of 0.00035 pg/G. ta- 
marensis cell. When this concentration is multiplied by the number of 
cells per lethal dose (Table II), it is found that the LD50 in terms of 
amount of toxin is 0.4403 mglArtemia. 


Since the culture was unialgal but not axenic, decomposition of Ar- 
~ 


5 Mr. doseph Heyes, Philadelphia College of Pharmacy and Science Philadelphia, 
P A  19104. 


temia proceeded rapidly after death, and attempts to obtain shrimp 
weights were futile unless performed immediately after death. An average 
Arternia weight of 6 mg was used in determining microgram per kilogram 
LD5o values (14). Thus, the toxicity of gonyautoxins to Artemia salina 
L. is -73,385 pg/kg of body weight. This figure is almost 150 times larger 
than the oral LD50 of 500 pgkg for man, and 18 times larger than the 4000 
pg/kg for the most resistant recorded mammal, a monkey (15). Mice, 
which are the current assay organisms and are somewhat closer in size 
to Artemia than either of the aforementioned animals, have an oral LD50 
value of 2100 pg/kg of body weight (15). Thus, one-tenth as much toxin 
is required to kill a mouse as to kill a brine shrimp (LDm 0.04 mg and 0.4 
mg/animal, respectively). This fact, coupled with the 72 hr duration of 
the test (compared to the 15 min required for the Association of Official 
Analytical Chemists mouse assay) make the whole cell assay of G. tam- 
arensis by Artemia a poor alternative to the mouse assay for purposes 
of routine monitoring of shellfish toxicity. 


Attempts to assay both homogenized cells and shellfish extract which 
had been proven toxic by mouse assay failed due to  rapid fungal over- 
growth of the test solution. Artemia subjected to overgrown extract died 
rapidly in the presence or absence of paralytic shellfish poison. Con- 
comitant administration of an antifungal agent not only added another 
variable to the experiment, but also did not sufficiently control fungal 
growth over the 72 hr required for the test. 


The cause of death in cases of saxitoxin intoxication is paralysis of 
muscular contraction by inhibition of nerve conduction (blockade of Na+ 
influx) resulting in a peripheral paralysis of respiratory muscles (16), as 
opposed to a nonspecific cytolytic factor which physically destroys gill 
surfaces (as is the case with Cymnodinium brew toxin) (13). Absorption 
of the gonyautoxins is necessary for their activity, detoxification occurring 
in either the absorptive or metabolic phase of digestion. 


Organic extraction procedures similar to those employed for brine 
shrimp assay of ciguatera toxins (17) were beyond the scope of this study 
but will be examined in future experiments. 
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Abstract A series of 1,4-bis(4-guatiylphenylethyl)benzenes, including 
masked amidines in which the guanyl function is incorporated into a 
heterocyclic ring, were prepared for screening as potential antitrypano- 
soma1 agents. Some of‘ these compounds were active against Trypano- 
soma rhodrsiensr in mice. The diamidines were prepared by standard 
methods from 1,4-bis(4-cyanophenylethyl)benzene which was obtained 
from 1.4-his(4-cyanostyryI)benzene by diimide reduction. The latter 
compound was prepared by the Wittig reaction hetween 4-cyanoben- 
zylphosphonium ylide and terephthaldicarboxaldehyde. 


Keyphrases 0 Antitrypanosomal agents-potential, 1,4-his(4-guan- 
vll,lienylethyl)benzenes 0 Tr~pcinc~sorna rhodrs ic .nsc~l ,4-h is (4-  
guanylphenylethyl)henzenes, activity as antitrypanosomal agents 0 
Structure-activity relationships-1,4-his(4-#uanylphenyleth~~l~benzenes 
ills potential antitrypanosomal agents 


Aryl diamidines have been known to be useful anti- 
trypanosomal agents for many years (1, 2 ) .  The aryl di- 
amidines reported to exhibit antitrypanosomal activity fall 
into two general, apparently arbitrary, sets: those that have 
their guanyl functions separated by approximately l 2 A  
and those that are separated by approximately 2OA (3). It 
is not known if this observation has any significance re- 
garding the interaction of these compounds with their 
bioreceptor(s). A number of quite active aryl diamidines 
have been reported which fall into the category of the l2A 


set (3-5) and this report describes efforts to synthesize 
compounds that  fall into the 20A class. Pentamidine (l), 
congocidin (l), and the terephthanilide amidines (6) are 
notable examples of the antitrypanosomal compounds that 
fall into the latter structural class. While pentamidine and 
the terephthanilide amidines have similar separation of 
the guanyl functions, they differ in that terephthanilide 
amidines probably exist in a planar conformation, whereas 
this is unlikely for pentamidine. The present study at- 
tempted to  determine the effect on antitrypanosomal ac- 
tivity and binding to the bioreceptor for the terephthani- 
lide amidine types which are conformationally more 
flexible. To  test this point, 1,4-bis(4-guanylphenylethyl)- 
benzene was synthesized along with related compounds 
in which the conformationally rigid carboxamido groups 
of the terephthanilide amidines were replaced by the 
conformationally flexible -CH&HZ- units. 


RESULTS AND DISCUSSION 


The synthesis of‘the target diamidines was achieved by employing a 
conventional synthetic approach (Scheme I ) .  The  first step involves a 
Wittig reaction between the 4-cyanobenzylphosphonium ylide and 
terephthaldicarbosaldehyde to yield a bis-1,4-(4-cyanostyryl)benzene 
( I ) ,  the stereochemistry of which was not determined. The bis styryl 


I 


J 
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Derivatives of 4-Trichloromethylbenzoyl Chloride (X1)-4-Tri- 
chloromethylbenzanilide (VZd)-A solution of XI and aniline in tetra- 
hydrofuran gave VId; IR (mineral oil): 3310 and 1650 cm-1. 
4’-Nitro-4-trichloromethylbenzanilide (VIe)-A solution of XI, 4- 


nitroaniline, and triethylamine in acetonitrile gave VIe; IR (mineral oil): 
3390 and 1670 cm-’. 


S- (Phenyl)-4-trichloromethyl Thiolbenzoate (VZf)-A solution of 
XI, thiophenol, and triethylamine in tetrahydrofuran gave VIf; IR 
(mineral oil): 1660 cm-’. 


S- (4-Acetamidophenyl)-4-trichloromethyl Thiolbenzoate (VZg)-A 
solution of XI, 4-acetamidothiophenol, and triethylamine in tetrahy- 
drofuran gave VIg; IR (mineral oil): 3250 and 1660 cm-’. 


a-Disulfones a n d  Thiolsulfonates-Bis(4-acetylaminophenyl 
Sulfone) (VIZIa)-This was prepared (30) from 4-acetamidophenyl 
sulfinic acid and potassium permanganate, mp 245’ [lit. (30) mp 245-250” 
dec.]. 


Bis(4-aminophenyl Sulfone) (VZZZb)-Acid hydrolysis of VIIIa in 
hydrochloric acid, methanol, and N-methyl-2-pyrrolidone at  100’ for 
2 hr gave VIIb. Compound VIIIb was recrystallized from a mixture of 
N-methyl-2-pyrrolidone and water, mp 215’ dec. (31); IR (mineral oil): 
3490,3400,1320, and 1125 cm-’. 


Anal.-Calc. for C12H12N204S2; C, 46.14; H, 3.88; N, 8.97; S, 20.53. 
Found: C, 48.87; H, 4.10; N, 8.89; S, 20.39. 
4‘-Acetamidophenyl-4-acetamidobenzene Thiolsulfonate (1Xa)- 


Compound Ia (6.35 g, 15 mmoles) was suspended in 55 ml of acetic acid, 
and 30% hydrogen peroxide (8.55 g, 75 mmoles) was added during 30 min. 
The temperature of the reaction mixture was kept below 35’ with occa- 
sional ice cooling during the addition of hydrogen peroxide. Stirring was 
continued for 37 hr. The suspension was poured into 450 ml of water and 
the undissolved material was filtered, and washed with water giving 4.34 
g (81.5%) of IXa, mp 219-221’ dec. Recrystallization from a mixture of 
N,N-dimethylformamide and water gave 3.22 g (59%) of IXa, mp 
223-224’ dec. [lit. (30) mp 236-237’ dec.]. 


4’-Aminophenyl-4-aminobenzene Thiolsulfonate (IXb)-This 
compound was prepared by acid hydrolysis of IXa in hydrochloric acid 
and methanol, mp 185-186’ dec. [lit. (30) mp 183’1. 
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Abstract  This report describes a sensitive gas chromatographic pro- 
cedure for the measurement of trifluoperazine in human plasma. Tri- 
fluoperazine was extracted into heptane-2-propanol by a two-step pro- 
cedure and analyzed directly without derivatization. Prochlorperazine 
was employed as an internal standard because its structural and ex- 
traction characteristics were similar to trifluoperazine. The use of a ni- 
trogen detection system reduced the number of interfering peaks. The 


within-day coefficient of variation in the method, over a 0.2-20-ng/ml 
concentration range was 9.4%. 


Keyphrases 0 Trifluoperazine-gas chromatographic measurement 
in human plasma 0 Gas chromatography-measurement of tri- 
fluoperazine in human plasma Tranquilizers-trifluoperazine, gas 
chromatographic measurement in human plasma 


The relationship between plasma concentrations of 
various psychoactive drugs and their clinical effects was 
recently discussed (1,2). It was shown that drug concen- 


trations can vary widely among patients receiving identical 
doses (3-6). Based on such interindividual variations in 
plasma levels of psychoactive drugs, it was suggested that 
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an effective treatment regimen for the individus- patient 
may be approached by monitoring the blood levels of the 
drug and relating them to clinical outcome. Therefore, 
specific and sensitive methods for measuring neuroleptic 
drug levels in schizophrenic patients (7 ,8)  are needed. 


Trifluoperazine (I), a phenothiazine neuroleptic, is 
commonly used for the treatment of schizophrenia. Al- 
though a TLC method for the measurement of triflu- 
operazine and its metabolites in rat tissues was reported 
(9), the method was not sensitive enough to measure the 
low therapeutic levels in humans. The present report de- 
scribes a specific and sensitive method for measuring tri- 
fluoperazine in biological fluids. Prochlorperazine (11) was 
the internal standard. The method was applied to measure 
plasma trifluoperazine concentrations in schizophrenic 
patients treated with the drug. 


EXPERIMENTAL 


Materials-Trifluoperazine hydrochloride' and prochlorperazine 
maleate' were used. Heptane2 and 2-propano12 were glass distilled. All 
other reagents were analytical grade. 


The gas chromatograph3 was equipped with a nitrogen-phosphorus 
detector; 3% OV-101 on 80-100-mesh support4 was used as packing ma- 
terial. The highest purity5 air, helium, and hydrogen available were 
used. 


Procedures-Blood was drawn into tubes6 containing ethylenedi- 
aminetetraacetate (1 mg/ml of blood) from patients receiving tri- 
fluoperazine. Rubbe+ stoppers were avoided since it was reported (10) 
that contact with the stopper may alter the distribution of drugs between 
plasma and red blood cells. The plasma and red blood cells were separated 
by centrifugation and stored a t  -16' until analysis. For determining 
recoveries and preparing standard curves, outdated plasma was used since 
there were no differences in recoveries with fresh and outdated blood. 


Extraction from Plasm-Five-milliliter plasma samples, (unknown, 
drug-free, and plasma standards containing known amounts of the drug) 
were transferred to 15-ml test tubes, and prochlorperazine (as the internal 
standard) was added to unknown samples and plasma standards. To each 
tube, 1.0 ml of 2 N NaOH was added, and the mixture extracted with 5 
ml of heptane-2-propanol(9:1, v/v). After shaking for 20 min, the tubes 
were centrifuged to separate the organic and aqueous layers. 


The upper organic layer was transferred to another 15-ml tube con- 
taining 1 ml of 0.1 N HCI. The mixture was shaken for 15 min, and the 
organic layer was discarded by aspiration after centrifugation. The acid 
layer was transferred to a 5-ml centrifuge tube containing 0.1 ml of 5 N 
NaOH, and the mixture was extracted with 0.3 ml of heptane-2-propanol 
after shaking for 5 min and centrifuging as described. The organic layer 
(3-5 pl) was then injected into the gas chromatograph. 


Chromatographic Conditions-The instrument was set according to 
the instruction manual provided by the manufacturer, except that  the 
off-set current applied to the detector was increased until an optimum 
signal-to-noise ratio was obtained to maximize sensitivity. Generally, the 
detector voltage was set to give a 20% deflection of the recorder chart a t  
the range setting of 1 and an attenuation of 32 a t  a 190" oven tempera- 
ture. 


When a 0.9 m glass column (2-mm i.d.), packed with 3% OV-101 was 
used, the chromatographic conditions were as follows: isothermal column 


' Smith Kline and French Laboratories, Philadelphia, Pa. 
Burdick &i Jackson Laboratories, Muskegon, Mich. 
Model 5730-A, Hewlett-Packard, Avondale, Pa. 
Supelco, Bellefonte, Pa. 
Liquid Carbonic, LaGrange, 111. 
vaculainer, Becton-Dickinson, Rutherford, N.J. 
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Figure 1-Typical chromatogram of drug-free plasma carried through 
the procedure (A), drug-free plasma to which trifluoperazine (a) and 
prochlorperazine (b) were added (B),  and plasma from a patient re- 
ceiving trifluoperazine (C). Prochlorperazine U J ~ S  added as an  internal 
standard. 


temperature, 250'; injection port temperature, 300'; detector tempera- 
ture, 300O; carrier gas (helium) flow, 30 ml/min; air flow, 50 ml/min; hy- 
drogen flow, 3 ml/min; range, 1; and attenuation, 2-32. 


Calculations-A standard curve was prepared with every analysis by 
plotting the ratio of peak heights for trifluoperazine and prochlorperazine 
against various concentrations of trifluoperazine added to the drug-free 
plasma samples. The inverse of the slope of the line thus obtained was 
used to calculate the trifluoperazine concentration in unknown sam- 
ples. 


RESULTS 


Figure 1 shows a typical chromatogram obtained for the analysis of 
trifluoperazine with the internal standard, using a 0.9 m column packed 
with 3% OV-101 a t  250'. There were no interfering peaks a t  the retention 
times for trifluoperazine and prochlorperazine (Fig 1A). The peaks for 
trifluoperazine and prochlorperazine were symmetrical, and relationship 
was linear between the peak height and concentration of each drug in- 
jected into the chromatograph. There was also a linear relationship when 
the ratios of the peak height of trifluoperazine to the peak height of 
prochlorperazine were plotted against the various concentrations of tri- 
fluoperazine (y = 0.055 t 0.126x, r = 0.996). 


Recovery of Extraction Procedure--The recoveries of triflu- 
operazine and prochlorperazine were determined by adding varying 
concentrations of the standard solution to drug-free plasma. These 
samples were then extracted and analyzed by the described procedure. 
The recoveries were calculated by comparing the extracted samples with 
the standard curves obtained by directly injecting the methanolic solu- 
tions of the drugs without extraction. 


Trifluoperazine recovery from plasma averaged 79% and was constant 
over a wide concentration range (0.2-100 ng/ml). The average recovery 
of prochlorperazine from plasma was 72%. 


Table  I-Accuracy of Trifluoperazine Determination in Human 
Plasma a 


Number of 
Added, ng/ml Determined, ng/ml SD Determinations 


20.0 20.77 1.1 9 
2.0 2.17 0.13 10 ~. 


0.2 0.23 0.02 10 
0.1 0.16 0.07 6 


Different concentrations of trifluoperazine were added to drug-free plasma, 
and samples were then analyzed by the described procedure. 
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Table 11-Reproducibility of Trifluoperazine Determination over Time 


4 
a 2.5- 


~~ 


Amount Determined over Time, ng/ml 
1 3 4 6 8 33 


* 
0 


0 
0 


8 i :  


Amount Added, ng/ml Day Days Days Days Days Days Average f SD 


1.0 0.93 1.03 0.83 0.83 0.82 1.1 0.92 f 0.11 
2.0 1.9 1.70 1.70 1.60 2.0 2.4 1.88 f 0.27 
4.0 4.3 3.7 3.6 4.4 3.3 3.8 3.85 f 0.39 
8.0 8.0 7.7 7.6 7.5 7.7 7.8 7.72 f 0.16 


0 Different concentration of trifluoperazine were added to drug-free plasma and kept frozen in aliquots. Each aliquot was thawed on the day of analysis. 


Accuracy and Reproducibility-The accuracy of the method was 
determined by adding different concentrations of trifluoperazine and 
analyzing six to 10 samples for each concentration according to the de- 
scribed procedure. These results are summarized in Table I. The 
within-day coefficient of variation over the concentration range of 0.2-20 
ng/ml plasma was calculated as 6.7%. 


To determine the day-to-day reproducibility, four different triflu- 
operazine concentrations were added to drug-free plasma and the samples 
were analyzed over the next several days. The average day-to-day coef- 
ficient of variation over the l.O-S.O-ng/ml concentration range was cal- 
culated as 9.4%. These results (Table 11) also indicate that the triflu- 
operazine in plasma samples was stable for a t  least 1 month when kept 
frozen. 


Specificity and Sensitivity-Evidence for the specificity of the 
method was provided by characteristic retention times of trifluoperazine 
and prochlorperazine and the lack of interfering peaks in drug-free 
plasma when the samples were analyzed by the described procedure. Ten 
commonly used psychoactive drugs and three metabolites of triflu- 
operazine were also screened for interference in the assay by directly 
injecting their methanolic solutions under the described chromatographic 
conditions. The retention times of these drugs relative to trifluoperazine 
were as follows: butaperazine, 5.92; clomipramine, 0.50; desipramine, 0.33; 
desmethyltrifluoperazine, 0.83; diazepam, 0.58; fluphenazine, 2.50; ha- 
loperidol, 2.00; 7-hydroxytrifluoperazine, 2.42; imipramine, 0.25; meso- 
ridazine, 5.83; piperacetazine, 10.00; prochlorperazine, 2.18; thioridazine, 
2.75; 2-trifluomethylphenothiazine, 0.17; and trifluoperazine, 1.00. None 
of the drugs tested interfered with the assay of trifluoperazine or pro- 
chlorperazine. 


Although 0.1 ng of trifluoperazine/ml could be measured by the de- 
scribed procedure, the coefficient of variation was too large (43.8%, Table 
I) for quantitative purposes. Hence, the actual sensitivity of the method 
to quantitate trifluoperazine in plasma was 0.2 ng/ml (coefficient of 
variation of 8.7%, Table I) when 5 ml of plasma sample was used. 


Trifluoperazine Levels in Clinical Samples-The described 
method was used for measuring plasma concentrations of trifluoperazine 
in patients who received therapeutic doses for schizophrenia. The 
steady-state plasma levels in 21 patients receiving different doses of 
trifluoperazine are shown in Fig. 2. Although there were large interindi- 
vidual differences in steady-state plasma concentrations in patients re- 
ceiving identical doses of trifluoperazine, there was good correlation 


0 rn ’“‘“1 


7.5 . 
0 


between drug concentation in plasma and dose administered ( r  = 0.93). 
However, some patients received other medication along with triflu- 
operazine. These data are given to show the applicability of the method 
in patients treated with trifluoperazine. 


DISCUSSION 


The described procedure is sensitive enough to measure low thera- 
peutic levels, is specific, and is reproducible for trifluoperazine. Detector 
response for trifluoperazine and prochlorperazine was linear over a wide 
concentration range, and retention times were similar. 


In one experiment where trifluoperazine was added to drug-free plasma 
without any preservative and the sample was analyzed over the next 33 
days, the sample was stable when kept frozen. However, during more than 
1 year of analysis of plasma samples from patients, samples were found 
to  be more prone to losses without any preservative. 


Although there are no systematic studies on the stabilities of neuro- 
leptics, it was reported (11) that amitriptyline hydrochloride in aqueous 
solutions is broken down by heavy metal contaminants. If this is also the 
case for neuroleptics, all the glassware should be acid washed and rinsed 
thoroughly with distilled water. This procedure minimizes occasional 
problems with the assay. Furthermore, 0.5 mg of sodium metabisulfite 
or ascorbic acid/ml of plasma should be added to samples to avoid loss 
by oxidation. In addition, all standard solutions should be stored in dark 
bottles or covered with aluminum foil. Although trifluoperazine standard 
solutions were stable for up to 3 weeks when kept at -16’ in the dark, the 
prochlorperazine standard was stable for only 1 week. 


The steady-state plasma concentrations of trifluoperazine showed 
interindividual variability in patients receiving identical doses. Such 
interindividual variabilities are characteristic of most of the drugs and 
represent the differences in absorption, distribution, metabolism, and 
excretion due to genetic, physiological, and environmental differences. 
Steady-state plasma concentrations were similar to those reported for 
another high potency neuroleptic, fluphenazine (12,13), but were much 
lower than with chlorpromazine (14) or butaperazine (7). In one patient, 
the pharmacokinetics of trifluoperazine after a single dose were also 
studied using the described procedure. Highest concentrations were 
obtained in 4 hr after oral drug administration and then decreased over 
the next 24 hr. 


Although radioreceptor assay was recently introduced (15) for mea- 
suring total neuroleptic concentrations, this assay did not differentiate 
between the parent compound and active metabolites. Furthermore, the 
lower limit of sensitivity of the radioreceptor assay for trifluoperazine 
is 2.2 ng/ml(l5) because <200 pl of plasma or serum must be used in the 
assay system; at higher protein concentrations, the nonspecific inhibition 
in the binding system becomes significant. On the other hand, the lower 
limit of sensitivity of the described method is 0.2 ng/ml, because 5 ml of 
the plasma can be used for extraction. 


GLC with nitrogen detection is becoming increasingly popular for 
measuring low drug levels in therapeutic conditions. The nitrogen de- 
tector is 10-100-fold more sensitive than the conventional flame-ion- 
ization detector and is as sensitive as the electron-capture detector for 
nitrogen-containing compounds. The selectivity of the nitrogen detector 
reduces the number of interfering peaks and decreases the time for 
sample analysis. The method described here for trifluoperazine deter- 
mination does not require any derivatization and takes only 3 min for each 
sample analysis after extraction. 
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Abstract 0 The contribution of the lungs to the total body clearance 
of drugs is examined in a framework that emphasizes their anatomical 
position. For intravenous administration, the lung is the only organ other 
than blood that can account for a total body clearance in excess of the 
cardiac output. Systemic arterial drug concentration and tissue drug 
exposure are inversely proportional to total body clearance. Although 
the role of the lung has been overshadowed by that of the liver, several 
examples are presented to demonstrate that a relatively small amount 
of pulmonary activity can produce a large reduction in systemic arterial 
drug concentration. For oral administration, first-pass elimination by 
the liver and lungs in series results in a synergistic increase in total body 
clearance. Nonlinear effects caused by saturation of elimination pathways 
are also examined. Increased emphasis on experimental investigation 
of the pulmonary contribution is warranted, especially for drugs with high 
apparent clearance. 


Keyphrases Lungs-role in total body clearance, linear and nonlinear 
effects Pharmacokinetics-role of lungs in total body clearance, linear 
and nonlinear effects Pulmonary metabolism-role in total body 
clearance, linear and nonlinear effects 


Application of the techniques used to study hepatic drug 
metabolism to the lung has led to a growing literature on 
pulmonary metabolism. Although smaller in weight than 
the liver (600 uersus 1500 g for humans), the processing of 
the entire cardiac output (uersus 25% for the liver) places 
the lungs in a unique position for drug metabolism. 


This report describes the contribution of the lungs to 
drug metabolism, including interaction with other drug- 
eliminating organs. Both saturating and nonsaturating 
conditions were examined. 


BACKGROUND 


Of the three types of clearance mechanisms (metabolism, excretion, 
and irreversible binding), this report concentrates on metabolic clearance. 
Transport, including excretion, of volatile substances is a primary 
function of the lungs; however, this topic was previously detailed (1). 
Uptake and/or binding of substances by the lung was documented by 
Junod (2). He suggested that the lungs can function as a capacitor that  
dampens out large variations in plasma concentration by rapid uptake 
and slow release processes. While such a role could have major importance 


for the pharmacodynamics of drug effect, reversible uptake or binding 
makes no net contribution to apparent clearance. Only irreversible 
binding decreases the total amount of drug delivered to the systemic 
circulation. 


The demonstration of drug metabolism a t  the cellular (3)  and sub- 
cellular level (4,5) was a first step in the stimulation of more interest in 
pulmonary metabolism. Although some metabolic activity was shown 
in subcellular preparations from the lungs, recent work (6) raised the 
possibility that pulmonary activity has been substantially underestimated 
due to undetermined methodological factors. The isolated perfused lung 
preparation was shown to possess 10 times more drug clearance capability 
than was projected on the basis of experiments using subcellular prepa- 
rations. 


The isolated perfused lung has had a major role in demonstrating the 
importance of pulmonary metabolism. An earlier report (7) detailed the 
capability of this preparation to extract certain endogenous substances, 
especially the prostaglandins (81, serotonin (9), and other hormones. 
Metabolic clearance by the isolated perfused lung has now been dem- 
onstrated for many exogenous substances including drugs such as mes- 
caline (lo), isoproterenol hydrochloride ( l l ) ,  and the tetrahydrocanna- 
binols (12) and chemicals such as N-methylaniline (13), aldrin (14), and 
trichloroethylene (15). 


Direct comparisons of lung and liver elimination capacity were made 
by Roth and coworkers for three substances. In all cases, the effect of 
blood flow limitation increased the relative role of the lungs uersus the 
liver when organ clearance was compared with organ enzyme capacity. 
Using literature values (16, 17) for benzpyrene in rats with induced en- 
zymes, Roth and Wiersma (18) calculated nearly equal organ clearances 
for the liver and lungs, despite the fact that the liver contained 64 times 
more total enzyme capacity than the lungs. Similar calculations were 
reported (10) for data on mescaline metabolism in homogenates of rabbit 
lungs and liver. Approximately equal organ clearances were predicted, 
despite five times more enzyme capacity in the liver. For serotonin, Wi- 
ersma and Roth (6) found 17 times as much activity in the liver as in the 
lungs and predicted five times more clearance in the liver than the lungs. 
Their predictions for the perfused liver agreed well with their experi- 
mental results, but they underpredicted perfused lung clearance by a 
factor of 10. This discrepancy may be attributed to either suboptimal lung 
homogenate experiments or strong binding of serotonin by lung tissue. 


The demonstration of in uiuo pulmonary metabolism fully established 
the key role of the lungs in the overall process of drug elimination from 
the body. Two studies (19,ZO) demonstrated a pulmonary extraction for 
phenol of -60% in the rat by comparing the area under the plasma con- 
centration-time curve following intravenous and intra-aortic adminis- 
tration. 
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rate of other types of dosage forms. I t  is therefore recommended that the 
sampling probes used with automated sampling systems be made as small 
as possible, and that the horizontal sampling position be carefully 
maintained halfway between the paddle shaft and the kettle wall. 
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Abstract The relationships between organ clearances derived from 
physiological pharmacokinetic models and the first-order rate constants 
in compartmental pharmacokinetic models are frequently difficult to 
visualize when drugs are eliminated simultaneously by several organs. 
Two simple methods for showing these relationships are illustrated in 
this paper. 


Keyphrases 0 Pharmacokinetics-construction of compartmental 
models from physiological models of drug disposition, first-pass effects 
0 First-pass effects-construction of compartmental pharmacokinetic 
models from physiological models of drug disposition 0 Compartmental 
models-construction of pharmacokinetic models from physiological 
models of drug disposition, first-pass effects 


Changes in the blood concentrations of drugs after their 
oral administration are frequently fitted to a phar- 
macokinetic equation representing a three-compartment 
model in which it is assumed that all eliminating organs 
are within the central compartment. In such a model, a 
first-order rate constant is frequently used to rep- 
resent the absorption of a drug from the GI tract into a 
central compartment and first-order microconstants ( k  12, 
k21) are frequently used to represent the passage of the 
drug between the central and peripheral compartments. 
The elimination of the drug from the body is represented 
by a first-order microconstant ( h  10) emanating solely from 
the central compartment. This model would be identical 
to that pictured in Fig. 1 except that 1213, kzo, and h:jo would 
be zero. 


Despite the simplicity of this model, it adequately de- 
scribes the major events in the absorption and disposition 
of most drugs and, thus, has gained wide acceptance. But 
it is invalid in many situations, particularly those in which 
drugs are very rapidly cleared by enzymes in the GI mu- 
cosa, liver, and lung (the first-pass organs) and those sit- 
uations in which the drug passes into the GI tract by re- 
versible diffusion from mucosal blood into the lumen of the 
GI tract or by biliary excretion. Moreover, the model also 
fails to describe adequately the pharmacokinetics of me- 
tabolites that are rapidly cleared by various organs. In 


these situations it is necessary to consider physiological 
models. 


Several years ago, Bischoff and Dedrick (1) developed 
a physiological approach in which Fick’s Principle is ap- 
plied to individual organs. In this approach, each organ 
comprises three homogeneous compartments: the blood, 
the interstitial fluid, and an intracellular compartment. 
Since a differential equation is required to express the rate 
of change in the mount  of drug in these subcompartments 
of each organ, the number of equations required to de- 
scribe changes in the disposition of the drug in the body 
at  any given time can be quite large; frequently as many 
as 15-20 equations are used. It is possible to integrate a set 
of such equations by means of LaPlace transforms. Un- 
fortunately, the pharmacokinetic constants obtained by 
integration of the simultaneous equations or from mea- 
surements of drug concentrations in blood are virtually 
impossible to interpret in physiological terms. 


The present paper describes a general approach for 
developing pharmacokinetic models that combine some 
of the complexities that can occur during rapid simulta- 
neous elimination of drugs by several organs with the 
simplicity of the linear three-compartment model. The 
approach is essentially intuitive and, thus, requires very 
little mathematical ability. It is illustrated by a model in 
which a drug is rapidly cleared by the GI mucosa, the liver, 
the lungs, and the kidneys. 


THEORY 


As in the three-compartment model, it is assumed that after rapid 
injection into the aorta, a drug is almost instantaneously distributed into 
a central compartment that  includes most of the organs of elimination 
such as the kidneys, the GI mucosa, the liver, and the lungs. Thus, by the 
time the arterial concentration of the drug is estimated, the ratios of the 
intracellular concentrations of the drug in the organs included within the 
central compartment to the drug concentration in arterial blood have 
reached constant values. (This is usually estimated indirectly by mea- 
suring the drug concentration in systemic venous blood: draining a 
nonelimination organ such as an arm.) Under these quasi steady-state 
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Figure 2-A physiological pharmacokinetic model. 


rate of elimination from G-1 flow by (2-1 
= (rate into G-1 uia G-1  flow)(l - Fc.1) (Eq. 1) 


in which Fc-1 is the ratio of the rates a t  which the drug in amount per 
minute enters and leaves the capillary bed serving the intestinal mu- 
cosa. 


The rate of elimination of the drug from the mucosal blood by the liver 
( H )  depends on the concentration of the drug in blood leaving the mucosa 
and only indirectly on the concentration of the drug in the arteries. 
Thus: 


= Car t  QG-1 (1 - FG-1)  


rate of elimination from G-1 flow by H 
= (rate into H via G-1 flow)(l - F H )  (Eq. 2) 


In Eq. 2, FH is the ratio of the rates a t  which the drug leaves the liver by 
the hepatic vein (HV)  and enters the liver by both the portal vein and 
the hepatic artery: 


= C a r t Q c - l F c - 1 ( 1  - F H )  


(Eq. 3) 


In Eq. 3 QG-2 represents the portal venous flow of the blood that does not 
perfuse the mucosa. In rats this has been estimated to be -75% of the total 
intestinal blood flow (3). In addition to intestinal blood, it also includes 
the gastric and splenic blood. 


By the same reasoning, the rate of elimination of the drug in mucosal 
blood by the lung will depend on the hypothetical concentration that 
would have been present in the hepatic venous blood if the mucosal blood 
perfusing the mucosa were the only blood perfusing the liver. Thus: 


rate of elimination from G-1 flow by L 
= (rate into L uia G - l  flow) (1 - FL) 
= Car tQC- lFG- IFH (1 - F L )  (Eq. 4) 


In Eq. 4, FL is the rate at  which the drug leaves the lung by the pulmonary 
vein divided by the rate a t  which it enters the lung by the pulmonary 
artery. The total rate of elimination of the drug from the mucosal blood, 
rate(c.1 flow) is the sum of the expressions given by Eqs. 1,2,  and 4: 


which on expansion and collection of terms becomes: 


The mucosal blood clearance of the drug thus becomes: 


b a r t  
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Kidney 
left kidney: C ~ R L  = QR~ERR 
right kidney: C ~ R R  = QRRERR 
total: ClR = QRLERL + QRRERR 


The partitioned blood flow clearance of drug from blood passing 
through several organs, thus, may be expressed as the partitioned blood 
flow rate times one minus the mathematical product of the drug availa- 
bilities of the organs through which the blood passes. 


By similar reasoning, the clearance of the drug from the partitioned 
blood flow perfusing other organs may be written: 


hepatic arterial blood clearance and G -2 arterial blood clearance 


C / ( H  now) + Cl(c.2 now) = (QH + Q c ; - ? ) ( ~  - F H F L )  (Eq. 8) 


left ( R L )  and right. ( R R )  renal arterial blood clearances 


C/(RL flow) = QRL (1 - FRLFL 1 (Eq. 9) 


C / ( R R  flow) = Q H R ( ~  - F R R F L )  (Eq. 10) 


Clearance from blood perfusing the nonelimination organs in the 
central compartment (c/ucp flow) and the deep compartment ( c l d p  flow) 
is: 


c l (ocp  flow) -t C l ( d p  flow)Fdp = (Qocp + Qd$dp)(l  - F L )  (Eq. 11) 


In which F d p  is the fraction of the drug in blood perfusing the deep 
compartment tissues that. does pot enter the deep compartment, i .e . ,  (1 
- F d p )  equals the rate of diffusion of the drug into the deep compartment 
divided by QdpCart. 


The total clearance of elimination of the drug from the central com- 
partment (Cllo)  is, thus, the sum of the individual partitioned blood flow 
clearances: 


Clio = Qc-i(l - FG-~FHFL) 
+ (QH + Qc-z)(1- F H F L )  + Q R L ( ~  - FRLFL) 


+ Q R R ( ~  - FRRFL) QocP(l - F L )  + Qd$dp(l - FL) (Eq. 12) 


The rate constant of elimination from the central compartment is 
obtained from the relationship, k l u  = Cll,/V, in which V, is the apparent 
volume of the central compartment. 


Although the partitioned blood flow method (Method A) provides a 
simple, concise way of expressing Cllo ,  it will fail when significant 
amounts of the drug are reabsorbed after the drug enters the lumen of 
the intestine either by biliary excretion or by passive diffusion from the 
blood across GI membranes. Method A also provides equations that are 
difficult to interpret when the various Forgan values approach 1 . 0  or when 
the investigator wishes to visualize the relative importance of the indi- 
vidual organs in clearing the drug from the body. 


Method B was developed to overcome these difficulties. For this 
method, a general concept of clearance was envisioned, the poly input 
organ clearance or Cl,,jn organ. In this concept, the rate of elimination of 
the drug by an organ is the difference in the rates at which the drug enters 
and leaves the organ uia the blood under steady-state conditions. Thus, 
Clpin organ may be expressed as: 


Clpin organ = (total rate in - total rate out)/C,,t 
= total rate in (1  - total rate out/total rate in)/Cart (Eq. 13) 


The term (total rate outhotal rate in), however, is the organ availability, 
Forge,,. Thus: 


In turn, 1- Forgan may be expressed as the extraction ratio of the drug 
by the organ, Eorgan. Thus: 


(Eq. 15) 


However the C, values may be expressed in terms of steady-state ar- 
terial concentration of the drug and the mathematical product (n) of the 
individual availabilities of the organs through which the blood passes 
before it reaches the organ under consideration, i.e., II Fpreorgan, where 
Fpreorgan is the Forgan of a given preorgan. Thus: 


C s r t ( 2 Q i  nFpreorgan)Eorgan 


Cart 
Clpin organ = 


= ( 2 Q i n F p r e o r g a n ) E o r g a n  (Es. 16) 


From this general equation, equations may be written (Table 11) for 
the poly input organ clearances in a system in which a drug is eliminated 
by the intestinal mucosa (both metabolically and by passive diffusion 
into the intestinal lumen), the liver (both metabolically and by biliary 
excretion), the lungs (both metabolically and by exhalation), and the 
kidneys (both metabolically and by excretion) (Fig. 2). 


The model also includes an effective shunt in which it is recognized 
that only -25% of the intestinal blood perfuses the intestinal mucosa (3); 
thus, QG.1 represents the intestinal blood that perfuses the mucosa and 
Q c . 2  represents the portion of the portal blood that bas bypassed the 
mucosa. The equations in Table I1 also indicate how the poly input organ 
clearance by any given organ may be distributed between elimination 
by excretion or metabolism. The metabolic clearance by an organ may 
be expressed as a fraction, forgan (met), of the poly input organ total 
clearance. For example, the metabolic clearance by the mucosa is 
clc-1 (met) = clc-lfc-1 (met)r in whichfc.1 (met) is the fraction of the total 
organ clearance due to metabolism. Similarly, the diffusional clearance 
may be written as Clc.1 (dif) = C~G.I/C-I (d,f), in which fc-1 (dif) is the 
fraction of the total mucosal clearance due to diffusion. Thus, fc.1 (met) 


+ fc.1 (djf) = 1.0. The equations may then be expanded to those shown 
in Table 11. 


The next step in the development of the compartmental model is to 
distribute the sequential organ clearances among the rate constants that 
emanate from the central pool. By definition, any clearance by which the 
drug irreversibly leaves the central compartment is a part of Cllo.  Thus, 
the investigator must decide whether a drug that leaves the central 
compartment by biliary excretion or passive diffusion across the intestinal 
mucosa into the intestinal lumen will be reabsorbed from the intestines. 
If the compound is not reabsorbed the clearances of these processes 
should be included in Cllo. But if the drug is reabsorbed, the sum of the 
clearances of these processes equals Cl13, the clearance for the passage 
of the drug into the GI tract. The investigator also must decide whether 
the drug that leaves the body by exhalation is reabsorbed. Ifthe animal 
isin the open air, which contains negligible amounts of the drug, then the 
effective lung clearance by exhalation of the drug is part of Cllo. But if 
the animal is placed into a closed chamber in which the drug vapor is at 
a significant concentration, the chamber becomes a pharmacokinetic 
compartment, which may be either closed or open. In this situation, the 
effective lung clearance by exhalation of the drug is not included in Cllo, 
but is represented by a separate clearance. For the purpose of the present 
discussion, however, we will assume that the drug is reabsorbed from the 
GI tract and the animal is in the open air. With these assumptions, the 
components of Cllo, Cl lz ,  and (2113 are those shown in Table 111. 


The other microclearances for the three-compartment model may also 
be written, although some of them may not be immediately obvious. For 
example, the microclearance representing the passage of the drug from 
the deep compartment to the central compartment, C l z l ,  may be visu- 
alized as a diffusional clearance, Cldp(dif) ,  but after leaving the deep 
compartment the drug must first pass through the lungs before it reenters 
the arterial circulation and, thus, C l z l  equals Cldp(di f )FL.  The drug that 
is removed by the lungs as it passes from the deep compartment into the 
arterial blood must also be accounted for. Thus, the microclearance, ClzO, 
that  represents an irreversible removal of the drug from the deep com- 
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Table 111-Relationship between Various Microconstants of the Three-Compartment Model and the Poly Input Organ Clearance 


Volume 
Micro Times 
Clear- Microcon- Components of Micro Expanded Version of Micro 
ance stants Clearances Clearances 


Central Compartment to Gastrointestinal Tract 


Central Compartment to Deep Compartment 


Central Compartment Irreversible Elimination 


c113 Viki3 ClC-l(dlS) + CLpinH(bi1iary) 


a 1 2  Vik 12 Cldp 


C1 10 Vik 10 Cbl(met) + ClpinH(met) + 
C ~ R L  + C ~ R R  + ClpinL 


Deep Compartment to Central Compartment 
Vzkzi Cldp(dif)FL 


Deep Compartment Irreversible Elimination 
Clzo V2k 20 Cldp(met) + Cldp(dif)EL 


Gastrointestinal Tract to Central Compartment 
- ch  V3k31 


Gastrointestinal Tract Irreversible Elimination 
C k o  V3k30 


partment will include not only the metabolism of the drug that takes place 
in the deep compartment, Cldp(met), hut also the drug that is eliminated 
by the lungs as the drug passes from the deep compartment to the arterial 
circulation, Cldp(dif)EL. For this reason, a three-compartment model in 
which a drug is rapidly eliminated by the lungs theoretically should al- 
ways include both Cllo and Clzo. 


By a similar line of reasoning, a drug absorbed from the intestinal tract 
passes through the intestinal mucosa, the liver, and the lungs before it 
enters the arterial circulation; therefore, Cl31 must include not only the 
clearance of diffusion across the intestinal wall, Clg(di0, hut also the 
availability of the drug as it passes through the various organs before i t  
reaches the arterial circulation. Thus, Cl31 equals Clg(dif)Fc.1FHFL. 
Moreover, Ciao must include not only the drug that is eliminated in the 
feces or metabolized by intestinal flora, hut also the metabolic clearance 
of the drug as it passes through the intestinal mucosa, the liver, and the 
lungs. Therefore, as shown in Table 111: 


Thus, any compartmental model in which a drug is rapidly eliminated 
by the intestinal mucosa, the liver, or the lungs should theoretically al- 
ways include C l ~ o  as well as C11”. 


Once the microconstants have been written they may he incorporated 
into the equations derived for the appropriate compartmental models. 
The equations for the blood concentrations of a drug in the three-com- 
partment model shown in Fig. 1 are given in the Appendix. 


DISCUSSION 


It is interesting that the intestinal mucosa and the liver are simulta- 
neously a part of the intestinal compartment and the central compart- 
ment; and that the lung is simultaneously a part of the intestinal com- 
partment, the central compartment, and the deep compartment. What 
the equations illustrate, however, is the artificiality of compartmental 
models when applied to complex physiological systems. Therefore, it is 
evident that  the visualization of the body as a set of compartments is 
fraught with difficulties, not only because the volume of the various 
compartments is difficult to determine, hut also because the clearances 
by which the drug is transferred from one compartment to another and 
eliminated from the body are difficult to visualize. 


Both methods illustrated in this paper are based solely on the con- 
servation of mass and the anatomy and function of the cardiovascular 
system. The investigator is at  liberty to choose any model he or she wishes, 
to illustrate the effects of altering blood flow rates or reversible binding 
of drugs to blood components on the availabilities ( F  values) and ex- 
traction ratios ( E  values). Indeed, he or she may wish to choose different 


models for different organs. For example, the investigator may wish to 
use the well-stirred model (4) (in which F = Q/(Q t f~ C&)] and E = f~ 
Cl:ntl(Q + f~ Cl;,,) for the liver and the parallel tube model [in which F 
= (exp - f~ ClLJQ)] and E = 1 - [exp - ( f ~  ClkJQ)] for the kidney (51, 
where Cl;,,, represents the free intrinsic clearance of the organ and f~ is 
the unbound fraction of drug in the blood. 


With the principles for the partitioned blood clearances and the poly 
input organ clearances in mind, the investigator may construct other 
models. For example, a separate compartment to represent the gall 
bladder or blood shunts such as the portal vena cava may he introduced. 
Alternatively, the investigator may wish to simplify the model by setting 
the F values equal to one and the E values equal to zero when such sim- 
plifications seem warranted. Thus, the methods are not only simple, but 
also versatile. 


With measurements of drug concentrations in blood alone, i t  is not 
possible to differentiate between the model described in Fig. 1 from the 
three-compartment model described by Gibaldi and Perrier (6) in which 
the drug is eliminated solely from a central compartment. The main 
purpose of the model described here is to provide the investigator with 
insights by which he or she may infer possible meanings of the individual 
microconstants of compartmental models and how changes in them might 
affect the pharmacokinetics of drugs. The use of these simplified physi- 
ological approaches should help investigators to understand the rela- 
tionship between poly input first-pass effects in physiological systems 
and the pharmacokinetics as predicted by compartmental models. They 
also should clarify some of the problems that can arise in the interpre- 
tation of such models. 
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APPENDIX 


The solution of the three-compartment model shown in Fig. 1 by La- 
Place transforms gives the following equations for the drug concentration 
in blood 
Oral Administration: 
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Intravenous administration: 


In these equations, y, a, and are the roots' of the transformed 
equation 


0 = (s + y)(s + a)(s t p, 
= (S + kao + kal)(s t k l o  t k12 + k13)(~ + kw + k z d  


- k i z k z i ( s  + k30 + k 3 d  
- kiak3i(s + kzo  + k z i )  


~ ~~ ~ ~ ~ ~ ~ ~ ~ 


1 When hypothetical values of the microconstants based on their physiological 
components are substituted into the transformed equation, the roots may he de- 
termined by iteration of synthetic division. Decreasing values of s (0 to - m )  are 
iteratedwith a programmable calculator until all three values of s that satisfy the 
equation, F ( s )  = 0, are found. Unfortunately, the presence of kzo and k30 in the 
model precludes the calculation of the microconstants from actual data. In the 
three-compartment model of Gihaldi and Perrier (6). the elimination of a dru is 
represented solely by k l o .  Thus, their method would oyerestimate the values of i s 1 ,  
k z l ,  and klo and would provide no adequate way of estimating kzo or km. However, 
simulations are still possible by substituting reasonable numerical values of the 
various microconstants into the equation. 
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Abstract  Water soluble nonalkaloid fractions of Erythroxylon coca 
were screened in mice for their effects on oxygen utilization and central 
nervous system (CNS) activity. The fractions were screened in dogs for 
cardiovascular, blood glucose, and respiratory changes. No CNS effects 
were demonstrated in mice; however, there was a reduction in the oxygen 
utilizati6n rate. Intravenous administration of the extract to dogs pro- 
duced hyperglycemia, a reduction in heart rate, and a decrease in blood 
pressure. No substantial change in the respiratory rate and tidal or minute 
volumes were observed. 


Keyphrases Erythroxylon coca-biological effects of nonalkaloid- 
containing fractions 0 Nonalkaloids-fractions in Erythroxylon coca, 
effects Oxygen utilization rate-effects of Erythroxylon coca on oxygen 
utilization rate, mice, dogs 0 CNS activity-effect of nonalkaloid-con- 
taining fractions of Erythroxylon coca 


The plant Erythroxylon coca has been used in the cul- 
tures of many Latin American societies for medicinal, 
nutritional, and religious purposes for centuries (1). The 
pharmacological and possible psychological effects of coca 
have made its use by natives commonplace. It is reported 
to aid them in performing strenuous work and in coping 
with the harsh mountain environment. While cocaine is 
not the only biologically active compound in the coca plant, 
it is the principal alkaloid and the most studied of the ac- 
tive compounds. Alkaloid free fractions of the coca leaf 
extracts recently have been shown to reduce food con- 
sumption but do not show alterations in locomotor activity 
(2). Cocaine, a t  doses ranging from 3.45 to 27.6 mg/kg, 
produced dose-related increases in locomotor activity and 
decreases in food consumption (3). 


It has been reported that chewing coca leaves causes the 
Latin American native to be more resistant to cold and 
fatigue and decreases the need for food and sleep (4, 5) .  
Most of these effects have been considered to be related 


to cocaine, since cocaine has been shown to increase the 
heart rate and blood pressure and to elevate blood glucose 
levels (6). 


The present study was undertaken to determine 
whether cocaine-free extracts would produce changes in 
oxygen utilization, blood glucose levels, respiration, and/or 
cardiovascular effects that could be related to the alleged 
enhancement of physical stamina in humans. 


EXPERIMENTAL 


Test Compounds-Coca leaves (Erythroxylon coca were obtained 
from Tingo Maria, Peru, and extracted as described previously (2). 
Briefly, the crude ethanol extract of coca leaves was partitioned between 
water (fraction A) and chloroform (fraction B). Fraction A was made 
cocaine free by dissolving in ammonium hydroxide solution and ex- 
tracting 10 times with chloroform. Each chloroform fraction was 
subjected to GLC analysis. These fractions each showed the absence of 
cocaine peaks. Fraction A was further partitioned between butanol and 
water yielding two fractions: fraction C, the butanol phase; fraction D, 
the water phase. The fractions were dried on a rotary-evaporator a t  
40'. 


All test solutions were prepared in distilled water from dried fractions 
immediately prior to testing. 


Test Animals-The mice were male ICR Swiss, weighing 26-30 g2. 
They were housed in shoe box caging on pelleted corncobs3 with food4 
and water freely available. Food was withheld overnight prior to testing. 
The mice were maintained in an environment of 21 f 1' and a 12 hr 
light-dark cycle. 


The plant material was obtained through Mr. Ing Albert0 Trelles Barnett, 
Impresa Nacionale de la Coca, Lima, Peru, and through the United States De- 
partment of Justice and the United States State Department. It was identified as 
Erythroxylon coca by Dr. M. W. Quimby, Department of Pharmacognosy. Voucher 
specimens are stored in the drug plant herbarium a t  the School of Pharmacy, 


niversity of Mississippi, Universit , MS 38677. 


3 San-i-cel, Paxton Processing, Paxton, Ill. 
Harlan Industries, Cumberland: Ind. 


Purina Laboratory Chow 5001, Purina Mills, St. Louis, Mo. 
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REVIEWS 


Burger’s Medicinal Chemistry, 4th Ed., Part 111. Edited by 
MANFRED E. WOLFF. Wiley, 605 Third Ave., New York, NY 10016. 
1981. 1354 pp. 18.5 X 26 cm. Price $100.00. 
This book is part of an excellent series in the medicinal chemistry field. 


With contributions by a number of knowledgeable and literate authors, 
the contents include drugs acting on the central nervous system, the 
autonomic nervous system, the cardiovascular system, and the renal 
system. The book is a well-balanced blend of the theoretical and practical 
aspects of the field and its potential application to new discoveries. 


Each chapter is well planned, emphasizes biochemical rationale, 
structure-function relationships, and metabolism, and is adequately 
referenced to provide the reader with sources of more detailed informa- 
tion. This text is also characterized by thoughtful attention to pedagogy, 
since the prose does more than fill the space between structures and 
equations. The book contains many useful tables, graphs, and other il- 
lustrations and is replete with numerous structures. 


Professor Wolff has assembled an informative and excellent text, so 
it is regrettable that the major limitation of this potentially useful text 
appears to be its price. Overall, the present volume together with Parts 
I and I1 of the series offers a high quality and useful source of information 
with broad application across the biomedical sciences. Professor Wolff 
upholds the series’ reputation as one of the classic and indispensable 
reference works for those in teaching and research. 


Reuiewed by Claude Piantadosi 
School of Pharmacy 
University of North Carolina 
Chapel Hill, NC 27514 


The authors of the chapters dealing with the pharmacological classes 
of agents have used a variety of formats to cover their topics. In general, 
they discuss pharmacological actions, absorption, distribution, metab- 
olism and excretion, clinical uses, and structure-activity relationships 
and give appropriate examples. Often this information is set out against 
a background survey of biochemistry pertaining to the group under 
consideration. In some of these chapters, the explanations of the agents’ 
pharmacological actions, based on the structural reasons for their ability 
to fit into a biochemical sequence, are impressive. The overall quality of 
these chapters, despite differing organizational styles, is very good. 


While the individual chapters impress as compact, self-contained 
entities, some readers may notice instances of redundancy. For example, 
the scheme for catabolism for certain neurotransmitters is repeated in 
detail in several chapters and the pharmacology of a number of thera- 
peutic agents is given several times. I t  is possible that such repetition 
cannot be avoided in a multiauthored work. In addition, while back- 
ground pharmacology, biochemistry, and the clinical uses of the agents 
are almost always thoroughly treated, chemical properties such as acidity, 
basicity, and chemical stability are sometimes not discussed. Perhaps 
inclusion of such coverage would not only help students appreciate some 
pharmaceutically important properties but would also help them relate 
structure and chemical properties t o  absorption, distribution, metabo- 
lism, excretion, and biological actions. 


In summary, all chapters bear evidence of careful scholarly preparation. 
They are generally thorough and current in their coverage and are quite 
readable. The book meets its objectives very well and should afford ex- 
cellent reading for medicinal chemists, pharmacologists, and students 
in pharmacy and related disciplines. 


Reviewed by Eugene Isaacson 
Idaho State University 
College of Pharmacy 
Pocatello, ID 83201 


Principles of Medicinal Chemistry. Edited by WILLIAM 0. FOYE. 
Lea & Febiger, 600 S. Washington Square, Philadelphia, PA 19106. 
1981.931 pp. 18 X 26 cm. Price $45.50. (Canada $54.50). 
This book assembles 39 chapters of information associated with text- 


books intended for undergraduate courses in organic medicinal chemistry. 
The first six chapters give effective coverage of general introductory 
principles; thereafter, with the exception of Chapters 27-29 (which 
provide good introductions to drugs of plant origin and subsequent 
chapters on chemotherapeutic agents), the book proceeds systematically 
through major pharmacological or therapeutic classes of drugs. 


Discussions are generally restricted to organic agents, although actions 
of some inorganic agents such as iodine and iodides, sodium nitroprusside, 
and gold sodium thiosulfate are cited. The last chapter is also an excep- 
tion to the overall organic medicinal chemical content in that it incor- 
porates a very good introduction to radiopharmaceuticals. Finally, there 
is an appendix containing useful compilations of pKa values for a number 
of drugs and pH values for body fluids. 


Toxicants and Drugs: Kinetics and  Dynamics. By ELLEN J. 
O’FLAHERTY. Wiley, 605 Third Ave., New York, NY 10016. 1981, 
398 pp. 16 X 24 cm. Price $42.50. 
This useful book approaches a complex subject with a disarming 


frankness not usually found in such texts. In the preface, the author states 
that  the first chapter reviews algebra and calculus a t  a level designed to 
give nonmathematicians-even antimathematicians!-confidence that 
they can “do” kinetics. After hopefully instilling such confidence and 
expertise, the reader is eventually lead into sophisticated concepts re- 
lating to disposition in saturable and nonlinear systems, the plateau 
principle of chronic exposure, receptor theory, pharmacodynamics and 
dose-response relationships. The book is a gem. A useful list of definitions 
of various symbols is included as a separate section and as an added 
bonus, a number of interesting problems taken from examples in the 
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Abstract A series of 1,4-bis(4-guatiylphenylethyl)benzenes, including 
masked amidines in which the guanyl function is incorporated into a 
heterocyclic ring, were prepared for screening as potential antitrypano- 
soma1 agents. Some of‘ these compounds were active against Trypano- 
soma rhodrsiensr in mice. The diamidines were prepared by standard 
methods from 1,4-bis(4-cyanophenylethyl)benzene which was obtained 
from 1.4-his(4-cyanostyryI)benzene by diimide reduction. The latter 
compound was prepared by the Wittig reaction hetween 4-cyanoben- 
zylphosphonium ylide and terephthaldicarboxaldehyde. 


Keyphrases 0 Antitrypanosomal agents-potential, 1,4-his(4-guan- 
vll,lienylethyl)benzenes 0 Tr~pcinc~sorna rhodrs ic .nsc~l ,4-h is (4-  
guanylphenylethyl)henzenes, activity as antitrypanosomal agents 0 
Structure-activity relationships-1,4-his(4-#uanylphenyleth~~l~benzenes 
ills potential antitrypanosomal agents 


Aryl diamidines have been known to be useful anti- 
trypanosomal agents for many years (1, 2 ) .  The aryl di- 
amidines reported to exhibit antitrypanosomal activity fall 
into two general, apparently arbitrary, sets: those that have 
their guanyl functions separated by approximately l 2 A  
and those that are separated by approximately 2OA (3). It 
is not known if this observation has any significance re- 
garding the interaction of these compounds with their 
bioreceptor(s). A number of quite active aryl diamidines 
have been reported which fall into the category of the l2A 


set (3-5) and this report describes efforts to synthesize 
compounds that  fall into the 20A class. Pentamidine (l), 
congocidin (l), and the terephthanilide amidines (6) are 
notable examples of the antitrypanosomal compounds that 
fall into the latter structural class. While pentamidine and 
the terephthanilide amidines have similar separation of 
the guanyl functions, they differ in that terephthanilide 
amidines probably exist in a planar conformation, whereas 
this is unlikely for pentamidine. The present study at- 
tempted to  determine the effect on antitrypanosomal ac- 
tivity and binding to the bioreceptor for the terephthani- 
lide amidine types which are conformationally more 
flexible. To  test this point, 1,4-bis(4-guanylphenylethyl)- 
benzene was synthesized along with related compounds 
in which the conformationally rigid carboxamido groups 
of the terephthanilide amidines were replaced by the 
conformationally flexible -CH&HZ- units. 


RESULTS AND DISCUSSION 


The synthesis of‘the target diamidines was achieved by employing a 
conventional synthetic approach (Scheme I ) .  The  first step involves a 
Wittig reaction between the 4-cyanobenzylphosphonium ylide and 
terephthaldicarbosaldehyde to yield a bis-1,4-(4-cyanostyryl)benzene 
( I ) ,  the stereochemistry of which was not determined. The bis styryl 


I 


J 
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T a b l e  I-Antitrypanosomal Screening  Resul t s  


Cures" o r  AMS'I" a t  given Dosage", mg/kg 
No. 640 424 320 212 160 106 80 53 40 26.5 20 13.3 10 5 2.5 1.25 


111 5 5 5 3 1 1.30 
2.31) l.6D 0.61) 0.411 0.51) 0.21) 
7' ,' 5 S 4 2 2 . 4 0  


I v 
V 


V l i  5 5 5 5 5 5 5 5 4  1 
V I I t  5 5 5 S 5 5 5 5 4 4  


See Ref. X. Antitrypanosomal testing was done a t  the  Leu Hane Laboratory of the tlniversity (if Miami under the direction of Dr. A. L.  Ager, Jr .  * A cure is defined 
AMST 


Dosage is in milligrams 
T = toxir death. f Pentamitline. 


as a :Wdiiy increase in survival time of the  treated animals over the rimtri)Is. Five mire were used a t  earh dosage level; henre, five is the maximum number ofcures. 
is the incrrase i n  mean survival time 01' test aniiiials i't'rhii,v controls in days. AMS'I' is dilf'erentiated from cures hv the tihe i)I 
l i t  compound per kilogram of body weight o f  the teht animal (miCeJ. 2,.5-~is(guanylp 


1.6 days. 


compound I was subjected to a diimide-type reduction by the method 
of Dewey and Van Tamelen (7)  and produced 1,4-bis(4-cyant)phen- 
ylethy1)benzene (11). The bis-nitrile was converted into the corresponding 
imidate ester which was used directly to prepare the guanyl deriva- 
tives. 


T h e  target compounds (Ill-V) were screened against Trypanosoma 
rhodrnsiense in mice (S), and the results are shown in Table I. Included 
for comparison in Table 1 are  test results from the  same screening pro- 
gram for pentamidine and 2,s- t1is(4-guanylphet~yI)fiiran, a very effective 
12A-type compound reported previously ( 3 ) .  T h e  bis-guanyl compound 
(111) showed good activity, providing cures down to  a dosage level of 26 
mgikg. Its activity was significantly lower than tha t  of pentamidine or  
the furan derivat.ive included in Table 1. Interestingly, the two masked 
amidines showed markedly different activities. T h e  imidazolinyl com- 
pound ( IV)  was essentially devoid of activity; however, the  related py- 
rimidinyl ( V ) .  while toxic a t  high dosages. was slightly more active than 
the parent compound 111 a t  low dosage levels. In a large numher of' 12A 
types (:j-5), the masked arnidines have generally shown limited ac- 
tivity. 


E X P E R I M E N T A L 1  


Melting points reported under 300" were taken using a n  oil-bath 
melting point apparatus; the melting points of compounds melting above 
3 0 0 O  were obtained using a solid block apparatus and all melting points 
are  uncorrected. Satisfactory IR spectra were reported for all new com- 
pounds; the  expected PMR spectra were recorded on all new compounds 
in ('H]chloroform or ['Hldimethylsulfoxide (tetramethylsilane s tan-  
dard). 


1,4-Bis(p-cyanostyryI)benzene (1)--4-Cyanohenzyl triphenyl- 
phosphonium hromide (10  g, 0.02 mole) was added, under a nitrogen 
atmosphere, to a solution containing 0.W mole of' freshly prepared sodium 
ethoxide in  180 nil ofethanol. The  solution was stirred for -5 min and 
terephthaldicarhoxaldehyde (1.4 g, 0.01 mole) dissolved in 100 rnl of' 
ethanol was added dropwise. After addition was complete the  reaction 
mixture was stirred for 3.S hr under a nitrogen atmosphere during which 
time crystals appeared. T h e  solid (1.1 g, 17"4') was filtered and recrys- 
tallized From ethanol nip 280-282'. 


Aria/.-('alc. for C.'IH,BN.': C, 86.74; H ,  4.81. Found: C, 86.66; H,  
-1.95. 


1,4-Ris(p-cyanophenylethyl)benzene (11)-p-Toluenesulfon- 
ylhydrazide (9) (4.0 g, 0.02 mole) in 50 ml of ethylene glycol monometh- 
ylether was added in portions to a refluxing suspension of the bis-styryl 
compound (3.9 g, 0.01 mole) in 100 ml of  ethylene glycol monometh- 
ylether, under a nitrogen atmosphere. After addition was complete, the 
mixture was refluxed for 16 hr. The  volume of solvent was reduced to -30 
nil and 2.8 g (83%) was ohtained on cooling. The  product was dissolved 
i n  rnethylene chloride, passed through a short alumina column, end the 
solvent was evaporated. liecrystallization from chloroform and di- 
met hyhl foxide  gave a solid which melted 208-21 lo. 


:\nn/.-Calc. l o r  Cz,H?,,N?: C. 85.68; H, 5.99; N,  8,:H Found: c', 85.56; 
H,  5.W; N. 8.27. 
1,4-Bis(4'-guanylphenylethyl)benzene Dihydrochlor ide  (111) 


-The his-nitrile (1.4 g, 0.004 mole) was dissolved in 100 ml of dioxane 
and 26 ml of ethanol, cooled in an ice bath. and hydrogen chloride gas was 
passed through it until the  solution was saturated. T h e  mixture was 
placed in a pressure hottle and shaken for 3 days at room temperature. 


I l3lcmental analyses were perlorined by Atlantic Microlal), Atlanta, (;wirgia. 


T h e  solid (imidate ester hydrochloride) tha t  formed was filtered, dried 
under vacuum, and checked for unreacted starting material by examining 
t h e  nit,rile region of its IR spectra. A suspension of 1.5 g of imidate ester 
in 100 ml of absolute ethanol was prepared and dry ammonia was passed 
through the  cold suspension until it was saturated. T h e  mixture was 
shaken a t  room temperature for 3 days in a pressure bottle. T h e  yellow 
solid t h a t  formed was dissolved in absolute ethanol saturated with hy- 
drogen chloride gas; concentration of the solution gave 1.1 g (63%) of 
yellow solid which was recrystallized from ethanol, mp 345-346" 
(dec). 


Anal.-Calc. for: C ~ ~ H ~ X C I ~ N ~ :  C, 65.01; H, 6.32; N, 12.64. Found: C, 
64.81; H ,  6.37; N, 12.53. 


1,4-Bis[4-(2-imidazolinyl)phenylethyl]benzene (IV)-The imidate 
ester hydrochloride (2.9 g, 0.0054 mole) was suspended in 75 ml ethanol, 
ethylene diamine (0.65 g, 0.11 mole) was added, and the mixture was 
refluxed for I6 hr. T h e  solid product was filtered, washed with ethanol, 
a n d  dried. T h e  solid was dissolved in absolute ethanol and the  solution 
was saturated with dry hydrogen chloride gas. T h e  solution was filtered 
and  then concentrated until crystals began to  appear; 1.9 g (78%). m p  
298-303" (dec). 


And-Calc .  for C & Q C I ~ N ~ :  C, 67.87; H, 6.46; N, 11.31. Found: C, 
67.41; H ,  6.56; N,  11.02. 


1,4 - Bis[4 - (1,4,5,6 - te t rahydro - 2 - pyrimidinyl)phenylethylJben- 
z e n e  (V)-The imidate ester hydrochloride (1.9 g, 0.0043 mole) was 
suspended in 75 ml of ethanol and  1,3-propanediamine (0.64 g, 0.009 
mole) was added and  the  mixture was refluxed overnight during which 
time a solid formed. T h e  solid was washed with ethanol and dried. I t  was 
then dissolved in absolute ethanol and  the solution was saturated with 
dry hydrogen chloride gas. T h e  solution was filtered and concentrated 
until crystals formed; 1.4 g (6l%), m p  345-350" (dec.). 


Anal. -Calc. for C30H&12N4(0.5)H20: C, 67.66; H, 7.00; N ,  10.52. 
Found: C, 67.55; H ,  6.83; N,  10.32. 
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REVIEWS 


Burger’s Medicinal Chemistry, 4th Ed., Part 111. Edited by 
MANFRED E. WOLFF. Wiley, 605 Third Ave., New York, NY 10016. 
1981. 1354 pp. 18.5 X 26 cm. Price $100.00. 
This book is part of an excellent series in the medicinal chemistry field. 


With contributions by a number of knowledgeable and literate authors, 
the contents include drugs acting on the central nervous system, the 
autonomic nervous system, the cardiovascular system, and the renal 
system. The book is a well-balanced blend of the theoretical and practical 
aspects of the field and its potential application to new discoveries. 


Each chapter is well planned, emphasizes biochemical rationale, 
structure-function relationships, and metabolism, and is adequately 
referenced to provide the reader with sources of more detailed informa- 
tion. This text is also characterized by thoughtful attention to pedagogy, 
since the prose does more than fill the space between structures and 
equations. The book contains many useful tables, graphs, and other il- 
lustrations and is replete with numerous structures. 


Professor Wolff has assembled an informative and excellent text, so 
it is regrettable that the major limitation of this potentially useful text 
appears to be its price. Overall, the present volume together with Parts 
I and I1 of the series offers a high quality and useful source of information 
with broad application across the biomedical sciences. Professor Wolff 
upholds the series’ reputation as one of the classic and indispensable 
reference works for those in teaching and research. 


Reuiewed by Claude Piantadosi 
School of Pharmacy 
University of North Carolina 
Chapel Hill, NC 27514 


The authors of the chapters dealing with the pharmacological classes 
of agents have used a variety of formats to cover their topics. In general, 
they discuss pharmacological actions, absorption, distribution, metab- 
olism and excretion, clinical uses, and structure-activity relationships 
and give appropriate examples. Often this information is set out against 
a background survey of biochemistry pertaining to the group under 
consideration. In some of these chapters, the explanations of the agents’ 
pharmacological actions, based on the structural reasons for their ability 
to fit into a biochemical sequence, are impressive. The overall quality of 
these chapters, despite differing organizational styles, is very good. 


While the individual chapters impress as compact, self-contained 
entities, some readers may notice instances of redundancy. For example, 
the scheme for catabolism for certain neurotransmitters is repeated in 
detail in several chapters and the pharmacology of a number of thera- 
peutic agents is given several times. I t  is possible that such repetition 
cannot be avoided in a multiauthored work. In addition, while back- 
ground pharmacology, biochemistry, and the clinical uses of the agents 
are almost always thoroughly treated, chemical properties such as acidity, 
basicity, and chemical stability are sometimes not discussed. Perhaps 
inclusion of such coverage would not only help students appreciate some 
pharmaceutically important properties but would also help them relate 
structure and chemical properties t o  absorption, distribution, metabo- 
lism, excretion, and biological actions. 


In summary, all chapters bear evidence of careful scholarly preparation. 
They are generally thorough and current in their coverage and are quite 
readable. The book meets its objectives very well and should afford ex- 
cellent reading for medicinal chemists, pharmacologists, and students 
in pharmacy and related disciplines. 


Reviewed by Eugene Isaacson 
Idaho State University 
College of Pharmacy 
Pocatello, ID 83201 


Principles of Medicinal Chemistry. Edited by WILLIAM 0. FOYE. 
Lea & Febiger, 600 S. Washington Square, Philadelphia, PA 19106. 
1981.931 pp. 18 X 26 cm. Price $45.50. (Canada $54.50). 
This book assembles 39 chapters of information associated with text- 


books intended for undergraduate courses in organic medicinal chemistry. 
The first six chapters give effective coverage of general introductory 
principles; thereafter, with the exception of Chapters 27-29 (which 
provide good introductions to drugs of plant origin and subsequent 
chapters on chemotherapeutic agents), the book proceeds systematically 
through major pharmacological or therapeutic classes of drugs. 


Discussions are generally restricted to organic agents, although actions 
of some inorganic agents such as iodine and iodides, sodium nitroprusside, 
and gold sodium thiosulfate are cited. The last chapter is also an excep- 
tion to the overall organic medicinal chemical content in that it incor- 
porates a very good introduction to radiopharmaceuticals. Finally, there 
is an appendix containing useful compilations of pKa values for a number 
of drugs and pH values for body fluids. 


Toxicants and Drugs: Kinetics and  Dynamics. By ELLEN J. 
O’FLAHERTY. Wiley, 605 Third Ave., New York, NY 10016. 1981, 
398 pp. 16 X 24 cm. Price $42.50. 
This useful book approaches a complex subject with a disarming 


frankness not usually found in such texts. In the preface, the author states 
that  the first chapter reviews algebra and calculus a t  a level designed to 
give nonmathematicians-even antimathematicians!-confidence that 
they can “do” kinetics. After hopefully instilling such confidence and 
expertise, the reader is eventually lead into sophisticated concepts re- 
lating to disposition in saturable and nonlinear systems, the plateau 
principle of chronic exposure, receptor theory, pharmacodynamics and 
dose-response relationships. The book is a gem. A useful list of definitions 
of various symbols is included as a separate section and as an added 
bonus, a number of interesting problems taken from examples in the 
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literature are provided at  the end of each chapter. Some helpful hints but 
no answers are given, however. 


No doubt pharmacokineticists will differ with the author in some of 
her interpretations, but this should not be viewed as particularly unusual 
nor detrimental. No one, however, could argue with the avowed purpose 
of the book, which is “to bridge the gap between pure mathematical 
theory, at  the one extreme, and the indiscriminate application of simple 
standard models to data that they may not adequately describe, a t  the 
other.” To this end, the author has made a notable contribution. Re- 
searchers in pharmacology, toxicology, and drug metabolism will find 
it a valuable addition to their bookshelf. 


Reviewed by Howard B. Hucker 
Department of Drug Metabolism 
Merck Institute for Therapeutic Research 
West Point. P A  19486 


Psychotropic Drugs. Plasma Concentration and Clinical Response. 
Edited by GRAHAM D. BURROWS and TREVOR R. NORMAN. 
Dekker, 270 Madison Ave., New York, NY 10016.1981.528 pp. 15 X 
23 cm. Price $68.00 (20% higher outside the US. and Canada). 
This book is well written and highly readable, with an avowed purpose 


of presenting all evidence, pro and con, of the relationship between 
plasma concentrations and clinical response of psychotropic drugs. Never 
mind that we have to wait until Chapter 5 before the question is first 
addressed-the preceding chapters are useful summaries of the mecha- 
nism of action, methodology, and pharmacokinetics of tricyclic antide- 
pressants and antipsychotic agents. 


If this puts the reader in a mood to skip around before settling down 
to read the book straight through, then he or she may as well read the last 
chapter first-a perceptive overview of the subject by Hollister. His rather 
pessimistic estimation of the value of measuring plasma concentrations 
may disappoint some readers, but be sure to judge his reasons fairly before 
dismissing his conclusions. We learn, for example, that the rationale 
behind measurement of plasma concentrations of antianxiety drugs has 
been for pharmacokinetics and not for monitoring treatment. This is 
corroborated in the chapter on benzodiazepines. 


Perusal of the remaining chapters in this interesting book-on zime- 
lidine, lithium, antipsychotic agents, butyrophenones, sedatives, hyp- 
notics, and anticonvulsants-is revealing since, with only one exception, 
the various authors conclude that the relationships between plasma 
concentration and clinical response showed “no consensus,” were 
“questionable” or “futile,” or “correlate poorly” or that the measurements 
were “naive” or “uninformative.” The exception is, of course, lithium. 
This all might make one long for the simpler days of the sulfonamides 
and clear correlations between plasma concentrations, therapeutic re- 
sponse, and side effects. 


As minor criticisms of the book, this reviewer found Chapter 8 on 
chlorpromazine to be too exhaustive in its historical treatment and too 
vituperative in defense of the author’s own analytical method. In addition, 
separate chapters on zimelidine and pharmacokinetics of tricyclic anti- 
depressants and cerebrospinal fluid seem unnecessary.The terminology 


“plasma levels” also appears, which smacks of jargon, yet attempts to 
eliminate it will be a losing battle. 


The book, in general, will be valuable to pharmacologists, clinicians, 
drug metabolism scientists, and analytical chemists in this field. 


Reoiewed by Howard B. Hucker 
Merck Institute for Therapeutic 


West Point, PA 19486 
Research 


Adrenergic Activators and Inhibitors. Part 11. (Handbook of Ex- 
perimental Pharmacology, Vol. 54/11.) Edited by L. SZEKERES. 
Springer-Verlag, 44 Hartz Way, Secaucus, NJ 07094.1981.936 pp. 17 
X 25 cm. Price $224.20. 
This book is the second part of the latest volume in the well-known 


Handbook series and contains two sections and 14 chapters. The first 
section covers the effects of autonomic drugs on organ systems other than 
the nervous and cardiovascular systems. There are chapters on the res- 
piratory system, skeletal muscles, digestive system, endocrine glands, 
genitals, kidneys, urinary tract, eyes, and sweat glands. The second sec- 
tion covers kinetics, toxic effects, biotransformation, and clinical impli- 
cations. All types of adrenergic drugs are covered in great detail, including 
receptor agonists and blocking agents, indirect-acting agonists, false 
transmitters, and neuron-blocking agents. 


As expected, this handbook is well-referenced. The material presented 
is fairly up to date, with the latest references dating from 1978. There are 
more than 10,000 items in the author index and about 13,500 separate 
entries in the subject index. 


Each chapter includes some discussion of functional anatomy, location 
and classification of receptors, and general effects of the drug types of 
interest. Species variation in drug response are fully covered. In fact, some 
unusual and exotic species are included. For example, the apocrine sweat 
glands of the camel, the black rhinoceros, and the slow loris are de- 
scribed. 


It may be unfair to criticize the second part of a two-set volume without 
seeing the first part. However, there are some obvious deficiencies. For 
example, in the chapter on the respiratory system, there is an obvious 
error of calculation in a table showing the selectivity index for metapro- 
terenol. There is no mention of the effects of beta blockers on childbirth. 
In the chapter on the kidney, only receptor agonists and blocking agents 
are covered; the other types of adrenergic drugs are not considered. 
However, these minor deficiencies do not detract from the quality of this 
book. 


This volume is an invaluable resource for all researchers in pharma- 
cology and, together with Volume I, should be available to every serious 
student of pharmacology. 


Reoiewed by Raymond P. Ahlquist 
Department of Pharmacology 
Medical College of Georgia 
Augusta, GA 30902 
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Abstract 0 The contribution of the lungs to the total body clearance 
of drugs is examined in a framework that emphasizes their anatomical 
position. For intravenous administration, the lung is the only organ other 
than blood that can account for a total body clearance in excess of the 
cardiac output. Systemic arterial drug concentration and tissue drug 
exposure are inversely proportional to total body clearance. Although 
the role of the lung has been overshadowed by that of the liver, several 
examples are presented to demonstrate that a relatively small amount 
of pulmonary activity can produce a large reduction in systemic arterial 
drug concentration. For oral administration, first-pass elimination by 
the liver and lungs in series results in a synergistic increase in total body 
clearance. Nonlinear effects caused by saturation of elimination pathways 
are also examined. Increased emphasis on experimental investigation 
of the pulmonary contribution is warranted, especially for drugs with high 
apparent clearance. 


Keyphrases Lungs-role in total body clearance, linear and nonlinear 
effects Pharmacokinetics-role of lungs in total body clearance, linear 
and nonlinear effects Pulmonary metabolism-role in total body 
clearance, linear and nonlinear effects 


Application of the techniques used to study hepatic drug 
metabolism to the lung has led to a growing literature on 
pulmonary metabolism. Although smaller in weight than 
the liver (600 uersus 1500 g for humans), the processing of 
the entire cardiac output (uersus 25% for the liver) places 
the lungs in a unique position for drug metabolism. 


This report describes the contribution of the lungs to 
drug metabolism, including interaction with other drug- 
eliminating organs. Both saturating and nonsaturating 
conditions were examined. 


BACKGROUND 


Of the three types of clearance mechanisms (metabolism, excretion, 
and irreversible binding), this report concentrates on metabolic clearance. 
Transport, including excretion, of volatile substances is a primary 
function of the lungs; however, this topic was previously detailed (1). 
Uptake and/or binding of substances by the lung was documented by 
Junod (2). He suggested that the lungs can function as a capacitor that  
dampens out large variations in plasma concentration by rapid uptake 
and slow release processes. While such a role could have major importance 


for the pharmacodynamics of drug effect, reversible uptake or binding 
makes no net contribution to apparent clearance. Only irreversible 
binding decreases the total amount of drug delivered to the systemic 
circulation. 


The demonstration of drug metabolism a t  the cellular (3)  and sub- 
cellular level (4,5) was a first step in the stimulation of more interest in 
pulmonary metabolism. Although some metabolic activity was shown 
in subcellular preparations from the lungs, recent work (6) raised the 
possibility that pulmonary activity has been substantially underestimated 
due to undetermined methodological factors. The isolated perfused lung 
preparation was shown to possess 10 times more drug clearance capability 
than was projected on the basis of experiments using subcellular prepa- 
rations. 


The isolated perfused lung has had a major role in demonstrating the 
importance of pulmonary metabolism. An earlier report (7) detailed the 
capability of this preparation to extract certain endogenous substances, 
especially the prostaglandins (81, serotonin (9), and other hormones. 
Metabolic clearance by the isolated perfused lung has now been dem- 
onstrated for many exogenous substances including drugs such as mes- 
caline (lo), isoproterenol hydrochloride ( l l ) ,  and the tetrahydrocanna- 
binols (12) and chemicals such as N-methylaniline (13), aldrin (14), and 
trichloroethylene (15). 


Direct comparisons of lung and liver elimination capacity were made 
by Roth and coworkers for three substances. In all cases, the effect of 
blood flow limitation increased the relative role of the lungs uersus the 
liver when organ clearance was compared with organ enzyme capacity. 
Using literature values (16, 17) for benzpyrene in rats with induced en- 
zymes, Roth and Wiersma (18) calculated nearly equal organ clearances 
for the liver and lungs, despite the fact that the liver contained 64 times 
more total enzyme capacity than the lungs. Similar calculations were 
reported (10) for data on mescaline metabolism in homogenates of rabbit 
lungs and liver. Approximately equal organ clearances were predicted, 
despite five times more enzyme capacity in the liver. For serotonin, Wi- 
ersma and Roth (6) found 17 times as much activity in the liver as in the 
lungs and predicted five times more clearance in the liver than the lungs. 
Their predictions for the perfused liver agreed well with their experi- 
mental results, but they underpredicted perfused lung clearance by a 
factor of 10. This discrepancy may be attributed to either suboptimal lung 
homogenate experiments or strong binding of serotonin by lung tissue. 


The demonstration of in uiuo pulmonary metabolism fully established 
the key role of the lungs in the overall process of drug elimination from 
the body. Two studies (19,ZO) demonstrated a pulmonary extraction for 
phenol of -60% in the rat by comparing the area under the plasma con- 
centration-time curve following intravenous and intra-aortic adminis- 
tration. 
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Scheme I--Pulmonary clearance in vivo (left) and in isolated perfused lung (right) 
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Pulmonary clearance should be examined for drugs that exhibit an 
apparent clearance in excess of liver blood flow. The lungs and blood are 
the only organs capable of generating an apparent clearance greater than 
the cardiac output. Elsewhere, a major role was suggested for pulmonary 
clearance of fluorouracil(21) and thymidine on the basis of high apparent 
clearance (5 and 25 l i tedmin,  respectively) and the apparent lack of 
substantial clearance by the blood; however, direct confirmation of the 
lung's role has not been made. An apparent clearance of 14 liters/min for 
nitroglycerin was reported (20). 


When indicated for patient care, placement of a pulmonary artery 
catheter in combination with any peripheral arterial drug measurement 
effectively isolates the lungs in uiuo for determination of pulmonary 
extraction. The high apparent clearance of lorcainide, 1.7 literdmin, 
suggests a possible pulmonary role, but Jahnchen et  al. (23) was unable 
to measure any concentration differences in samples obtained from 
catheters in the pulmonary artery and the aorta. 


Kates and Leier (24) determined an apparent clearance of 4.4 literdmin 
for dobutamine based on mixed venous blood obtained uia a pulmonary 
artery catheter as the reference concentration. Unfortunately, no pe- 
ripheral measurements were reported. With more widespread appre- 
ciation of the potential role for pulmonary metabolism, especially in cases 
in which apparent clearance exceeds liver blood flow, it is anticipated that 
more investigators will directly determine pulmonary clearance. However, 
the clearance contribution of the lung in uiuo will be difficult to determine 
for drugs with an apparent clearance of 1500 ml/min. If the apparent 
clearance is 500 ml/min and only the lung eliminates the drug, pulmonary 
extraction is -lo%, which may be difficult to measure. On the other hand, 
if the liver were the exclusive organ of elimination, an easily measured 
difference of -30-50% would be expected. 


(or) 
Perfusion Reservoir 


+ 


Scheme II-Hepatic clearance for in vivo intrauenous infusion or in an  isolated perfusion circuit (left) and for oral (or portal uein or hepatic 
artery) infusion (right). For simplicity, the hepatic artery and portal uein are combined into a single input. 
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Scheme Ill-Simultaneous pulmonary and hepatic clearance. For 
simplicity, the hepatic artery and portal uein are combined into a single 


input. 


If Eqs. 1 and 5 are combined and simplified: 


Equation 6 shows that the apparent clearance of the lungs (calculated 
on the basis of peripheral arterial blood concentration) during intrave- 
nous infusion is equal to intrinsic clearance. 


Exclusive Hepatic Clearance-Scheme I1 (left) depicts clearance 
by the liver during in uiuo intravenous infusion or in an isolated perfusion 
circuit. Apparent clearance for the liver is based on a reference concen- 
tration in arterial blood (or reservoir blood), while the elimination 
mechanisms operate a t  the liver concentration, which may be approxi- 
mated by CHV.  Therefore, flow limitation is expressed as: 


clap, = BHEH = Q d h / ( Q H  + C ~ H )  
= QHVrnax,H/(QHKM + QHCHV + Vrnax.H) (Eq. 7) 


The role of the liver following oral administration or hepatic artery or 
portal vein infusion is analogous to the role of the lungs during intrave- 
nous or other systemic administration. As shown in Scheme I1 (right), 
the liver receives the full drug input before it reaches the measurement 
location. Since the liver is the sole organ of elimination in this example, 


C l a p p  = C1H = Vrnax./f/(KM t Cart)  (Eq. 8) 


Thus, there is no flow limitation, and the intrinsic clearance of the liver 
is fully expressed. 


Simultaneous Pulmonary and Hepatic Clearance-When the lungs 
and liver both eliminate a drug, the relative contribution of each organ 
to apparent clearance should be determined. Scheme 111 illustrates both 
the lungs and liver as eliminating organs in uiuo. For intravenous ad- 
ministration, apparent clearance (Giv/Cart) is the sum of the individual 
clearances: 


Cart = CHV: 


c/,,, = Clp  t QHClf/ / (& + c 1 H )  = C l p  f QHEH (Eq. 9) 


From this formula, the relative clearance contributions of the lungs and 
liver are: 


(Eq. 10) 


Equation 10 is applicable to both linear and nonlinear kinetic regions. 
For nonlinear kinetics, C l p  and EH are not constants but are functions 
of Cart and C H V .  For linear kinetics (C << K M ) ,  the expression for the Clp 
(Eq. 4) reduces to: 


C ~ P  = V r n a x P I K M  (Eq. 11) 


The expression for QHEJ~ (Eq. 7), reduces to: 


(Eq. 12) QH Vrnax.H QHEII = 
QHVrnax,// /(QHKM + Vrnax,H) 


Thus, the relative clearance contributions of the lungs and liver are: 


For oral administration, the apparent clearance (G,/Cart) can be 
viewed as a modification of the expression for intravenous administration 
(Eq. 9). Due to the elimination by the liver of a certain fraction, EH. of 
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Figure 1-Ratio of pulmonary clearance to hepatic clearance for in- 
trauenous infusion ( E y .  10) A: CIH fixed at three times QH, with CIJCIH 
variable. B: CIp/cIH fixed at 0.4, with CIH/QH uariabla. 


the administered dose, only the remainder is available for elimination 
by the lungs. Once this remainder, 1 - E H ,  leaves the liver, it is immaterial 
to the lungs whether the drug was given intravenously or orally. Hence, 
the right side of Eq. 9 can be divided by the available dose, 1 - EH. to 
yield an expression for apparent clearance for oral administration: 


Clap, = Clp/(l - E l / )  t Q / / E H / ( ~  - E M )  = Clp/(l - Efj )  + C ~ H  
(Eq. 14) 


It can be seen from Eq. 14 that the contributions of the lungs and liver 
to apparent clearance are interconnected. The Contribution of pulmo- 
nary clearance is magnified by hepatic first-pass elimination, 1 - E ~ I .  
Thus, there is no simple relationship similar to Eq. 10 that  can be used 
to evaluate the relative clearance of the two organs. 


HESULTS 


The importance of pulmonary clearance for the determination of drug 
concentration is clearcut whenever the elimination capacity of the lungs 
is greater than that of any other organ (such as the liver). Even when the 
pulmonary elimination capacity is less than that of the liver, pulmonary 
clearance can dominate nonpulmonary clearance, o r  at least have a 
substantial impact on apparent clearance. For intravenous administra- 
tion, hepatic clearance may not be fully expressed due to flow limitation 
so the relative impact of the lungs is enhanced. For oral administration, 
the coupling of pulmonary and hepatic clearances can accentuate the 
pulmonary impact. 


Figures 1A and 1B demonstrate the relative contribution of the lungs 
and liver to overall drug elimination during intravenous infusion (Eq. 
10). It is assumed that KM is identical for liver and lung tissue. When Car, 
<< K M ,  elimination processes in both the lungs and liver are linear. At 
these low concentrations, the lung-liver elimination ratio is maximal since 
hepatic elimination is flow limited but pulmonary elimination is not. As 
the arterial concentration increases, the lung-liver elimination ratio 
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decreases since elimination processes are beginning to saturate, organ 
extraction is decreasing, and flow limitation is less pronounced. Finally, 
a t  Cart >>KM, the elimination ratio is simply the ratio of enzyme capacity, 3001 I 
Vrnax,P/Vmax,H. 


As shown in Fias. 1A and 1B. for some Darameter combinations the 
dominant role for elimination can be held byeither organ or can shift from 
the lungs to the liver as Cart increases. For the lungs to dominate in the 
linear region, the following relationship must be satisfied, based on Eq. 
13: 


The liver always dominates in the zero-order region as long as V m a x , ~  
> Vmax,p. As a reference point, the weight ratio of the lungs to the liver 
in humans is -0.6 kg/1.5 kg or 0.4 (25). Since the clearances of both the 
lungs and liver are referred to the same arterial concentration, the mass 
elimination ratio (organ extraction times mass input to organ) is identical 
to the clearance ratio. 


As already discussed, the contribution of the lungs to apparent clear- 
ance for oral administration is difficult to separate from the contribution 
of the liver. Figure 2 presents one possible interpretation of the lung's 
importance. Only the linear kinetic region is considered; Clap, was cal- 
culated from Eq. (14) for various combinations of pulmonary and hepatic 
intrinsic clearance. The ability of the lungs to increase apparent clearance 
is rather substantial. As one example, a pulmonary elimination capacity 
that is 40% of hepatic capacity (i.e., equivalent capacity per unit of weight 
multiplied by the organ weight ratio) produces a 133% increase in ap- 
parent clearance when the hepatic intrinsic clearance is three times the 
hepatic blood flow (75% extraction). 


As a second example, a pulmonary elimination capacity of only 5% of 
hepatic capacity (i.e., one-eighth the capacity per unit of weight multi- 
plied by the organ weight ratio) increases Clapp by 55% when hepatic 
clearance is 10 times the hepatic blood flow (91% extraction). 


Since arterial concentration and systemic tissue exposure are inversely 
related to Clap,, a relatively small amount of pulmonary activity can have 
a large impact. The mass elimination ratio does not provide the same 
perspective. The lungs account for 18% of mass elimination in the first 
example and only 3% in the second. These lower rates of mass elimination 
(as well as lower total elimination capacities) may lead one to ignore their 
role, while consideration of changes in Clap, or systemic arterial con- 
centration underscores the potential importance of pulmonary elimi- 
nation. 


DISCUSSION 


Except for regionalized delivery such as topical, intraarterial, or in- 
trathecal, the anatomical position of the lung presents it with the op- 
portunity to modify the amount of drug available to the target tissues. 
Previous pharmacokinetic analyses focused primarily on the role of he- 
patic metabolism while essentially ignoring the lungs. In an earlier study 
that focused on the role of drug binding and GI or hepatic metabolism, 
Gillette and Pang (26) commented on the lack of flow limitation for the 
lung and the interactions of the liver with other organs for oral admin- 
istration. 


The role of the liver overshadowed that of the lungs in previous anal- 
yses for three major reasons: 


1. The larger size of the liver may permit a greater total enzyme ca- 
pacity. The actual magnitude of this difference is less for humans (1.5-2.5 
times) than for other mammalian species: seven to 10 times for rats, eight 
times for rabbits, five times for monkeys, and three to four times for cats 
and dogs. 


2. The well-known role of the liver in controlling the entry of exogenous 
substances into the body makes it a likely organ for drug elimination. 
Since the lungs play a major role in the regulation of endogenous sub-. 
stances, they might be expected to regulate exogenous substances 
also. 


3. Lower specific enzyme activity (units per gram) has often been 
found in lung tissue compared with liver tissue. I t  was noted earlier that 
this apparently lower specific enzyme activity may be the result of sub- 
optimal experimental conditions. In addition, interorgan differences in 
enzyme affinity for a drug (KM) may offset a lower enzyme amount. Other 
studies (27) isolated an enzyme with a 10-fold lower KM value in lung than 
liver tissue. Since intrinsic clearance under nonsaturating conditions is 
the ratio of enzyme capacity (V,,,) to K M ,  the lung can possess a larger 
intrinsic clearance than the liver, despite lower enzyme levels. On the 
other hand, studies by Gram (5) showed similar KM values for other en- 
zymes in the liver and lung. Finally, flow limitation can prevent expres- 


/ 
/ 


CL"=3Q" 


I l l 1 1 1  I , ,  


u.55 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 n r  


0.10 CIPIcIH 


Figure 2-Increase in apparent clearance for oral administration a t  
various levels of pulmonary intrinsic clearance added to existing hepatic 
intrinsic clearance. Only the linear kinetic region is considered. 


sion of intrinsic clearance of the liver but not the lungs; thus, the lung can 
dominate even if it has lower intrinsic clearance. 


Although it is suspected that the liver is a more important organ than 
the lungs for most drugs, the reasons for its dominance probably have 
been overstressed. Additional investigations are warranted to establish 
the actual pulmonary contribution, especially for drugs with high ap- 
parent clearance. 


The concept of apparent clearance is especially relevant for a de- 
scription of the lung's role in pharmacokinetics since it is simply a ratio 
of dose rate to arterial drug exposure. The related concept of organ 
clearance can be misleading when applied to the role of the lungs since 
it fails to account for first-pass effects. I t  is especially important that this 
difference is realized when the results from isolated perfused lung ex- 
periments are interpreted. 


The synergism between the lung and liver for oral (or hepatic artery 
or portal vein) administration is especially noteworthy. The anatomical 
relationship of these organs results in a powerful filter, which can either 
protect systemic tissues from undesired exogenous chemicals or prevent 
achievement of therapeutic drug levels. For these two organs, neither the 
ratio of mass eliminated nor the ratio of elimination capacities is always 
a useful indicator of the control of tissue drug exposure. Although the liver 
may be responsible for the elimination of most of the drug mass elimi- 
nated from the body, the lung can still have a substantial impact on ar- 
terial drug concentration. 


APPENDIX 


C1, = intrinsic pulmonary clearance, V m a x , p / ( K ~  + Car,) 
c1H = intrinsic hepatic clearance, V m a x , ~ / ( K ~  t C H V )  


Cl,,, = apparent clearance, G/C,,, 
E p  = pulmonary extraction, (in-out)/in 
EH = hepatic extraction, (in-out)/in 


G = drug input rate 
Q = blood flow 


Car, = arterial blood concentration 
Cpv = pulmonary vein blood concentration 
CPA = pulmonary artery blood concentration 
CHV = hepatic vein blood concentration 
KM = half-saturating concentration (Micbaelis constant) 


V,,, = maximal drug elimination capacity of whole organ 
f = fraction of cardiac output which perfuses liver 


co = cardiac output 
P = pulmonary 
H = hepatic 
ia = intraarterial 
iv = intravenous 


PO = oral 
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Abstract Administration of sulfonamid'es during periods of hepato- 
biliary failure or hepatic immaturity increases the toxic potential of un- 
conjugated or indirect bilirubin. A small but statistically significant in- 
crease of indirect, or unconjugated bilirubin was noted in dogs after oral 
administration of sulfisoxazole (100 mghg). A similar increase was not 
observed in swine after oral or intravenous administration of sulfisoxazole 
(100 mg/kg) or in humans (-28 mg/kg) after oral administration or in 
dogs (100 mghg) after intravenous administration. Total and conjugated 
bilirubin showed small but statistically significant increases and were 
significantly correlated in dogs after oral and intravenous administration 
of sulfisoxazole (100 mg/kg) and in swine after oral administration of 
sulfisoxazole (100 mg/kg). There was a significant negative correlation 
between conjugated and indirect bilirubin, while total bilirubin increased 
in dogs after oral and intravenous administration of sulfisoxazole. These 
data illustrate a difference in species and administration route when 
attempting to assess the potential toxicity of bilirubin. 


Keyphrases 0 Sulfisoxazole-comparison of serum bilirubin levels after 
a single administration, dogs, pigs, humans 0 Bilirubin-serum levels 
after a single administration of sulfisoxazole, dogs, pigs, humans 0 
Toxicity-potential, indirect bilirubin serum levels after a single ad- 
ministration of sulfisoxazole 


Sulfisoxazole [4-amino-N-(3,4-dimethyl-5-isoxazolyl)]- 
benzenesulfonamide is a white-yellowish, odorless, slightly 
bitter, crystalline powder with a pK of 4.9 (1). It is dis- 
tributed in the extracellular fluid and fails to enter cells 
(2-5) resulting in a plasma concentration which is three 
times higher than that produced by an equal quantity of 
sulfanilamide (4). Sulfonamides, as a class of chemother- 
apeutic agents, are considered to be toxic since they may 


precipitate in the kidney, producing crystalluria (5). The 
infrequency of renal toxicosis (crystalluria) with sulfi- 
soxazole is due to the exceptionally high water solubility 
of the free and conjugated (acetyl) fractions within the 
physiological pH range (6,7). 


Clinical toxicities have been induced by sulfisoxazole 
competing for the same binding sites as warfarin (8) and 
furosemide (9, lo), inducing hemolytic anemia due to 
glucose-6-phosphate dehydrogenase deficiency (1 l), in- 
hibition of anticoagulant factor VIII (12), hypersensitivity 
(13), anorexia (141, agranulocytosis (14), and aplastic 
anemia (14). A case of myocarditis, myositis, and vasculitis 
associated with severe eosinophilia following sulfisoxazole 
therapy has been reported (15). Kernicterus has been re- 
ported in premature infants with increased levels of serum 
bilirubin after treatment with sulfisoxazole (4,16, 17). 


Kernicterus occurred when unconjugated or indirect 
bilirubin was less than 20 mg% in 24 infants, less than 17 
mg% in 15 infants, and less than 15 mg% in 11 infants. 
These occurrences were enhanced by prior acidosis, hy- 
percapnia, and hypothermia (4). 


Plasma samples from six adult patients showed that 
sulfisoxazole concentrations above 5 mg/100 ml had a 
significant displacing effect on bilirubin in uitro (18). 
When comparing the displacing effects of salicylic acid, 
salicyluric acid, and aspirin at sulfisoxazole concentrations 
of 10 mg/100 ml, the most pronounced effect was observed 
when sulfisoxazole displaced bilirubin from plasma sam- 
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Intravenous administration: 


In these equations, y, a, and are the roots' of the transformed 
equation 


0 = (s + y)(s + a)(s t p, 
= (S + kao + kal)(s t k l o  t k12 + k13)(~ + kw + k z d  


- k i z k z i ( s  + k30 + k 3 d  
- kiak3i(s + kzo  + k z i )  


~ ~~ ~ ~ ~ ~ ~ ~ ~ 


1 When hypothetical values of the microconstants based on their physiological 
components are substituted into the transformed equation, the roots may he de- 
termined by iteration of synthetic division. Decreasing values of s (0 to - m )  are 
iteratedwith a programmable calculator until all three values of s that satisfy the 
equation, F ( s )  = 0, are found. Unfortunately, the presence of kzo and k30 in the 
model precludes the calculation of the microconstants from actual data. In the 
three-compartment model of Gihaldi and Perrier (6). the elimination of a dru is 
represented solely by k l o .  Thus, their method would oyerestimate the values of i s 1 ,  
k z l ,  and klo and would provide no adequate way of estimating kzo or km. However, 
simulations are still possible by substituting reasonable numerical values of the 
various microconstants into the equation. 
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Abstract  Water soluble nonalkaloid fractions of Erythroxylon coca 
were screened in mice for their effects on oxygen utilization and central 
nervous system (CNS) activity. The fractions were screened in dogs for 
cardiovascular, blood glucose, and respiratory changes. No CNS effects 
were demonstrated in mice; however, there was a reduction in the oxygen 
utilizati6n rate. Intravenous administration of the extract to dogs pro- 
duced hyperglycemia, a reduction in heart rate, and a decrease in blood 
pressure. No substantial change in the respiratory rate and tidal or minute 
volumes were observed. 


Keyphrases Erythroxylon coca-biological effects of nonalkaloid- 
containing fractions 0 Nonalkaloids-fractions in Erythroxylon coca, 
effects Oxygen utilization rate-effects of Erythroxylon coca on oxygen 
utilization rate, mice, dogs 0 CNS activity-effect of nonalkaloid-con- 
taining fractions of Erythroxylon coca 


The plant Erythroxylon coca has been used in the cul- 
tures of many Latin American societies for medicinal, 
nutritional, and religious purposes for centuries (1). The 
pharmacological and possible psychological effects of coca 
have made its use by natives commonplace. It is reported 
to aid them in performing strenuous work and in coping 
with the harsh mountain environment. While cocaine is 
not the only biologically active compound in the coca plant, 
it is the principal alkaloid and the most studied of the ac- 
tive compounds. Alkaloid free fractions of the coca leaf 
extracts recently have been shown to reduce food con- 
sumption but do not show alterations in locomotor activity 
(2). Cocaine, a t  doses ranging from 3.45 to 27.6 mg/kg, 
produced dose-related increases in locomotor activity and 
decreases in food consumption (3). 


It has been reported that chewing coca leaves causes the 
Latin American native to be more resistant to cold and 
fatigue and decreases the need for food and sleep (4, 5) .  
Most of these effects have been considered to be related 


to cocaine, since cocaine has been shown to increase the 
heart rate and blood pressure and to elevate blood glucose 
levels (6). 


The present study was undertaken to determine 
whether cocaine-free extracts would produce changes in 
oxygen utilization, blood glucose levels, respiration, and/or 
cardiovascular effects that could be related to the alleged 
enhancement of physical stamina in humans. 


EXPERIMENTAL 


Test Compounds-Coca leaves (Erythroxylon coca were obtained 
from Tingo Maria, Peru, and extracted as described previously (2). 
Briefly, the crude ethanol extract of coca leaves was partitioned between 
water (fraction A) and chloroform (fraction B). Fraction A was made 
cocaine free by dissolving in ammonium hydroxide solution and ex- 
tracting 10 times with chloroform. Each chloroform fraction was 
subjected to GLC analysis. These fractions each showed the absence of 
cocaine peaks. Fraction A was further partitioned between butanol and 
water yielding two fractions: fraction C, the butanol phase; fraction D, 
the water phase. The fractions were dried on a rotary-evaporator a t  
40'. 


All test solutions were prepared in distilled water from dried fractions 
immediately prior to testing. 


Test Animals-The mice were male ICR Swiss, weighing 26-30 g2. 
They were housed in shoe box caging on pelleted corncobs3 with food4 
and water freely available. Food was withheld overnight prior to testing. 
The mice were maintained in an environment of 21 f 1' and a 12 hr 
light-dark cycle. 


The plant material was obtained through Mr. Ing Albert0 Trelles Barnett, 
Impresa Nacionale de la Coca, Lima, Peru, and through the United States De- 
partment of Justice and the United States State Department. It was identified as 
Erythroxylon coca by Dr. M. W. Quimby, Department of Pharmacognosy. Voucher 
specimens are stored in the drug plant herbarium a t  the School of Pharmacy, 


niversity of Mississippi, Universit , MS 38677. 


3 San-i-cel, Paxton Processing, Paxton, Ill. 
Harlan Industries, Cumberland: Ind. 


Purina Laboratory Chow 5001, Purina Mills, St. Louis, Mo. 


0022-35491 821 0600-0677$0 1,0010 
@ 1982, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 677 
Vol. 71, No. 6, June 1982 







3 .0020 


,0015 - 


200 400 600 


.0020 I 
0 
QJ ,0015 d e 


f .0005 
E 


0” ,0010 


FRACTION C L 


60 120 240 460 600 800 


.0°20 1 


.0015 


.0010 


.0005 
FRACTION D 


240 400 600 


mglkg 


Figure 1-Comparison of the effects of fractions A, C, and D on oxygen 
utilization in mice. Key: vertical bars represent SEM (n = 12); (111) 
vehicle; (.:.) drug. * p < 0.05. ** p < 0.01. 


The dogs5 were conditioned, mongrel, adult males weighing 10-12.5 
kg; vaccinated against distemper, hepatitis, and leptospirosis6; checked 
for internal parasites; and treated7 as necessary. All dogs were free of 
heartworms and had two normal hemograms over the 3-week condi- 
tioning period. 


Oxygen Utilization Screen-The oxygen utilization apparatus 
consisted of three widemouth 946 ml jars glueds to a 25 X 40 X 1.5-cm 
aluminum platform. Pelleted corncob bedding was placed in the bottom 
2-3 cm of each jar to absorb urine. The platform and jars were placed in 
a constant temperature water bath9 with water covering -75% of the 
outer jar to maintain the temperature a t  25’. This was done to minimize 
temperature change inside the jar during testing. A 4-cm piece of copper 
tubing (7-mm o.d.), fitted with a 3-way stopcock, was attached to the lid 
of the jar. This allowed the addition of air to the jar as well as attachment 
to a pressure transducer without breaking the jar’s seal. A 7 X 7-cm nylon 
net bag filled with soda lime was suspended from the underside of the 
lid to absorb the carbon dioxide produced by the mouse. Ten mice were 
dosed intraperitoneally with either drug or vehicle. Five minutes after 
dosing, the mice were placed in the jar and the chamber was sealed. 
Twenty milliliters of air was added to the chamber and the resulting air 
pressure and the time required to return to baseline were recorded’O. This 
allowed the determination of the amount of oxygen per gram per second 
utilized by the mouse using the following: 


20 (mlO2) 
time (sec) x wt of mouse (g) ml Ot/g/sec = (Eq. 1) 


Open Field Locomotor Screen-Locomotor activity was measured 
in an open field arena which consisted of 1 m2 box with the floor marked 
off into 25 squares. The top was open and lighted by an overhead fluo- 
rescent lamp for better observation. Open field sessions were 5 min long 
and began 5 min following intraperitoneal injections. Treated and vehicle 
controls were run alternately to erase diurnal variation. Activity was 
measured by counting the number of squares the mouse entered during 


Obtained from Memphis Animal Shelter, Memphis, Tenn. 
Decline-HL, Dellan Labs, Omaha, Neb. 
Telmintic, Pitman-Moore, Inc., Washington Crossing, N.J. 
Expoxe, Balkamp Ind., Indianapolis, Ind. 
Labline Instruments, Melrose Park, Ill. 


‘0 RM Dynograph, Beckman Instruments, Schiller Park, Ill. 


i 150 


= [ I ,  0 , , 
0 15 30 45 60 


MINUTES AFTER INJECTION 
Figure $-Mean percent increases of plasma glucose levels in dogs 
following a single dose of 200 mglkg, iu of fraction C (anesthetized n = 
4; conscious n = 6). Key: vertical bar represents SEM; (*) anesthetized; 
(a) conscious. * p < 0.05. ** p < 0.01. 


the test period. Statistical analysis was accomplished using the Mann- 
Whitney nonparametric test ( 7 ) .  


Respiratory and Cardiovascular Screen-The dogs used in the 
respiratory, cardiovascular, and blood glucose studies were anesthetized 
with pentobarbital (30 mg/kg). The femoral artery and vein were can- 
nulated and a tracheotomy performed. Electrocardiograph1o (ECG) (lead 
II), femoral arterial blood pressure’O, and respiratory parameters” (rate, 
tidal volume, minute volume, and oxygen uptake) were recorded. Arterial 
blood p02, pC02, and pH were measured a t  15-min intervalsL2. 


Blood glucose levelsI3 were determined at 15-min intervals on venous 
blood. Control parameters were recorded, then a single dose of fraction 
C was administered (200 mglkg, iv). Blood pressure and heart rate were 
monitored constantly, while other samples and measurements were taken 
a t  15-min intervals. Statistical evaluation of the data was performed using 
Student t test (8). 


RESULTS AND DISCUSSION 


In  the partitioning of fraction A, -26% of the starting material is re- 
moved in the butanol fraction. Five major and five minor constituents 
were detected in the butanol fraction by TLC. 


The effects of fractions A, C, and D on the rate of oxygen utilization 
are shown in Fig. 1. Fraction A reduced the rate of oxygen utilization a t  
doses ranging from 400 to 600 mg/kg, while fraction C reduced oxygen 
utilization a t  doses ranging from 60 to 800 mg/kg. Fraction D reduced 
the rate of oxygen utilization a t  240 mg/kg, but lower doses were not 
tested. Partitioning fraction A between butanol and water successfully 
separated all other pharmacological activity into the butanol phase 
(fraction C). 


Oxygen utilization rates are of interest since South American natives 
claim that chewing coca improves their ability to perform strenuous work, 
especially at high altitudes (1). Even though a decreased locomotor ac- 


1’ Collins Respirometer, Warren E. Collin, Inc., Braintree, Mass. 
l2 Model 213 pH Blood Gas Analyzer, Instrumentation Laboratory. Lexington, 


l3 Glucose Analyzer, Beckman Instruments, Schiller Park, Ill. 
Mass. 
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Table I-Effect of Fractions C and D on Open Field Activity in 
Mice 


Compounmd Dose Counts15 min f SEM 


Vehicle 0.5 ml 150.45 f 12.0 
Fraction C 200 mg/kg 117.8 f 8.86O 


400 mglkg 51.0 f 9.256 
600 mglkg 42.1 f 9.9gb 


Veh i r l~  0.5 ml 129.1 f 16.1 


’I -* . 3. 
I” .. ; 100 


0 .  


-.. ... 


Fraction D 200 mg/kg 
400 mglkg 
600 mdkn  


138.2 f 14.5 
175.20 f 23.44 
179.60 f 25.80 - -  


a p <0.05. bp <0.001. 


tivity would decrease oxygen utilization, gross observation (9) of activity 
showed no difference between animals treated with fraction A and control 
animals. Additionally, fractions C and D produced a decrease in oxygen 
utilization (Fig. 1) while only fraction C produced a decrease in activity 
in the open field experiment (Table I). These data would indicate that 
the decrease in locomotor activity was not the only cause of decreased 
oxygen consumption. 


A potent hyperglycemic effect was seen both in the anesthetized and 
conscious dogs treated with 200 mgfkg of fraction C. Blood glucose levels 
reached their peak 45 min after dosing and began to decline after 60 min 
(Fig. 2). This could explain a ready energy source which would improve 
the short-term ability to do work and alleviate hunger. The blood glucose 
levels begin to decline in 1 hr. This is the approximate length of time that 
chewing of coca leaves is reported to give stimulatory effects. The in- 
creased blood glucose is most likely due to a direct effect on glucose me- 
tabolism since no sugars remain in fraction C after extraction and sepa- 
ration. Therefore, it would seem that prolonged use of coca, by people 
on energy deficient diets, could lead to a rapid loss of the body’s energy 
stores. However, hist~logically’~ no effect was observed on liver glycogen 
stores in mice 30 min postdose with 120 mg/kg of fraction C. These same 
mice showed significantly elevated blood glucose levels. 


Since hard work or heavy exercise tends to increase cardiac output and 
mean arterial pressure, the sustained hypotensive effect and decrease 
in heart rate could be partially responsible for the enhanced work per- 
formance and endurance experienced by natives using coca. 


Five minutes after injection of 200 mg/kg of fraction C, the heart rate 
of anesthetized dogs decreased from a mean of 200 to 125 bpm. The rate 
had not returned to baseline after a 60-min period (Fig. 3). Mean blood 
pressure dropped from 160 to 100 mm Hg concomitant with the initial 
fall in heart rate. Both systolic and diastolic pressures remained 20-30 
mm Hg below baseline during the remainder of the test period (Fig. 4). 
There were no significant changes in oxygen uptake, tidal volume, minute 
volume, pOz, pCOe, or arterial blood pH; however, there was an initial 
increase in respiratory rate (panting). Electrocardiographic tracings 
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MINUTES AFTER INJECTION 
Figure 3-Change in heart rate (beats per minute, bpm) of anesthetized 
dogs following a single dose of 200 mylkg, iu offraction C (n = 5). Vertical 
bar represents SEM. * p < 0.05. 


Periodic acid schiff (Harleco) stain for glycogen, American Hospital Supply, 
Memphis, Tenn. 
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Figure 4-Systolic, diastolic, and meah arterial blood pressure changes 
in anesthetized dogs fallowing a single dose of200 mglkg, iu of fraction 
C (n = 5). Key: uertical bar represents SEM; (A), systokc; (*), diastolic; 
(0) mean arterial. * p < 0.05. **  p < 0.01. 


frequently showed an inversion of the T wave, which returned to pre- 
treatment polarity 20 min postinjection. Since pOz values remained stable 
during this period, the T wave inversion would not appear to be a hypoxic 
effect. No other ECG alterations were noted. No autonomic, CNS, hy- 
perglycemic, or cardiovascular effects were obtained with fraction D. 


A single 200-mglkg dose, iv of fraction C given to conscious dogs pro- 
duced a dramatic effect on the autonomic nervous system. Shallow, rapid 
panting and increased salivation, swallowing, and defecation began im- 
mediately after injection. Cyanosis and inactivity were produced and 
lasted -1 hr postdose. These effects, exclusive of defecation, appeared 
to be masked in the anesthetized animals. 


Vomiting, defecation, and inactivity are not problems reported by 
humans chewing the coca leaf. Chewing would slow intake of the drug 
and could modify most of the autonomic effects since the fraction would 
be absorbed over a longer period of time. It also appears that some 
compounds in the extract may be rapidly bound or metabolized since 
most effects return to normal levels within 10-30 min following a single 
injection. However, the increased blood glucose levels, lower blood 
pressure, and decreased heart rate remain, indicating that othe- com- 
pounds in the extract are longer acting. 


The biological effects produced by noncocaine-containing coca frac- 
tions are not identical to those seen after cocaine administration. How- 
ever, these data suggest that  noncocaine-containing fractions may con- 
tribute to the beneficial effects seen in subjects chewing coca leaves. 
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A b s t r a c t  T h e  interaction of granaticin with two different yeast ri- 
bonucleic acids, dialyzed transfer RNA and calf thymus DNA was 
studied. Contrary to  previous reports, no binding of granaticin to DNA 
or RNA was observed. The  visible spectrum of granaticin on  direct mixing 
or  equilibrium dialysis of granaticin with RNA or DNA was unchanged. 
Furthermore, granaticin did not displace acridine orange from DNA in 
Competitive binding studies using fluorescence polarization. However, 
granaticin was shown to  inhibit pyruvate decarboxylase. From the K ;  for 
granaticin (3.8 mM) it was concluded tha t  granatirin is a s  efficient as  
other 1,4-naphthoquinones in inhibiting pyruvate decarboxylase. 


Keyphrases  Granaticin A-absence of interaction with DNA and 
RNA, interaction with proteins from the  inhibition of pyruvate decar- 
boxylase DNA--interaction with granaticin A 0 RNA-interactioi; 
with granaticin A Pyruvate decarboxylase-inhibition by granaticin 
A in the interaction between granaticin A and protein 


Granaticin, isolated from Streptomyces olivaceus (l), 
is a quinone antibiotic which is active against Gram-pos- 
itive bacteria (2). Also known as litmomycin (3), granaticin 
has been studied for its interaction with various bio- 
chemical species. Previous work proposed that granaticin 
( a )  interferes with the charging process of transfer RNA, 
thereby inhibiting the synthesis of leucyl transfer RNA (4), 
( b )  interferes with leucyl transfer RNA synthetase (5), (c) 
inhibits the synthesis of RNA or the function of RN.4 
polymerase, which is not DNA dependent (6), ( d )  inhibits 
reverse transcriptase by binding to the template RNA (7) ,  
and (e) appears to  inhibit maturation of ribosomal RNA 
(8). These biological effects of granaticin could be due to 
the interaction of granaticin with template macromole- 
cules (i.e. DNA and RNA) or with catalytic macromole- 
cules, (i.e. proteins). 


The inhibition of the reverse transcriptase was attrib- 
uted to the interaction of granaticin with the RNA tem- 
plate (7). Inhibition of leucyl transfer RNA formation (4) 
and maturation of RNA may have been due to binding of 
granaticin to the RNA or to the reaction of granaticin with 
a protein factor required in the formation of RNA (8). 


The purpose of this study was to investigate the binding 
of granaticin to two different RNA preparations and DNA 
and to measure the effect of granaticin on enzyme ac- 
tivity. 


E X P E R I M E N T A L  


Binding  Studies-A stock solution of granaticin A' (27.9 p M )  was 
prepared in 0.005 M phosphate buffer, p H  7.2, by stirring in the dark for 
:1 days a t  2-37', T h e  solution was gravity filtered before use. Yeast 
transfer RNA type 111 (19.0 mg)' (9)  was dissolved in 250 ml of0.005M 
phosphate hut'fer, pH 7.2. A fixed amount  of granaticin stock solution 
(15 rnl) wah directly mixed with varying amounts of RNA solution (2,5, 
8, 10. lr), and 20 ml) and diluted to 100 ml with phosphate buffer. Visible 
spectra i i f  these samples were recorded] scanning from 625-460 nm. The  


baseline was established by using phosphate buffer in both the sample 
and reference cells. Control absorption curves were generated using 
granaticin stock solution (15 ml) diluted to 100 ml with phosphate buffer 
and  RNA solution (2-20 ml, as  described above) diluted to 100 ml with 
phosphate buffer. T h e  same procedure was used to  test the interaction 
of granaticin with RNA type XI' (a  mixture of messenger and ribosomal 
RNA) and calf thymus DNA'. 


In a slightly different experimental approach, 1 and 2 ml of a n  RNA 
solution (type XI and type 1II)'containing 20 mg of KNA in 10 ml of 0 005 
M ph0sphat.e buffer, pH 7.2, was placed in a dialysis bag4, sealed, and 
immersed in 50 ml of a granaticin solution (27.9 p M )  in phosphate buffer. 
T h e  solution was stirred in the dark for 72 hr a t  2-37'. Thereafter, visible 
spectra (625-460 nm) of the RNA-granaticin solution inside the dialysis 
bag and  the granaticin solution outside the dialysis bag were recorded:'. 
In cont.rol incubations, phosphate buffer replaced the RNA solutions 
inside t,he dialysis bag, and in a second incubation the granaticin solution 
outside the dialysis tubing was replaced with phosphate buffer. Controls 
were treated t h e  same as  the  samples. 


Compet i t ive  Binding  StudiesS-Granaticin, 0.025-25 pg/ml in 0.01 
M cacodylate2 buffer, pH 6.7, was used in the competitive binding assay 
inhibiting the  binding of acridine orange2 to  calf thymus DNA type I2. 
This  binding is accompanied by an increase in fluorescence polarization. 
Granaticin and acridine orange (100 pl of a 10-pM solution) were mixed 
in a cell, and  the  initial fluorescence polarization ( P O )  was measured6 
using excitation and emission filters a t  492 and 520 nm, respectively. DNA 
(equivalent to 35% saturation) was then added to  the  cell and the  final 
polarization ( P )  was determined after mixing. Results were expressed 
as  a percentage of maximum binding; maximum binding was expressed 
a s  the P-PO obtained without granaticin (11 ) .  


Enzyme Assays-Pyruvate decarhoxylase' (2-oxo acid carboxyl-lyase, 
EC 4.1.1.1, 13 U/mg protein) was assayed in a coupled assay with alcohol 
dehydrogenase2 (alcohol:NAD+ oxidoreductase EC 1.1.1.1, 300 U/mg 
protein) by measuring the  oxidation of reduced nadide' a t  340 nm (12). 
A typical incubation mixture contained reduced nadide (1.2 pmoles), 
alcohol dehydrogenase (0.3 U ) ,  pyruvate' (0-150 pmoles), pyruvate de- 
carboxylase (0.29 LJ),  and granaticin (0,0.33, 0.42, and 0.52 pmoles) in 
a total volume of 3.0 ml of 0.2 il.1 citrat.e' buffer, pH 6.0. Granat.icin was 
dissolved in 0.2 M citrate buffer, pH 6.0 by st,irring in the dark for 4 days 
a t  2'. The  reagents, except pyruvate d.~carhoxylase, were mixed in a cell 
and the base line was recorded from 300- -380 nm. The  spectrophotomet.er:' 
was then set  at 340 nm and pyruvate decarboxylase was added, rapidly 
mixed, and t h e  change in absorbance a t  340 nm recorded. Temperature 
was maintained a t  30'. 


T o  ensure t h a t  the  observed effect of granaticin in the  enzyme assay 
was not due to the inhibition of alcohol dehydrogenase by granaticin, this 
enzyme was assayed with or without granaticin and without pyruvate 
decarhoxylase. T h e  reaction mixture contained reduced nadide (1.2 
pmoles), acetaldehyde2 (0-114 pmoles), granaticin (0,0.:33,0,42 and ,132 
pmole, solution prepared a s  described previously). and alcohol dehy- 
drogenase (0.3 U )  in a total volume of 3.0 ml and 0.2 M citrate buffer, pH 
6.0. T h e  reagents, except the  enzyme, were mixed in a cell and the  base 
line recorded from 300-380 rim. T h e  reaction was started by adding al- 
cohol dehydrogenase and the change in absorbance at  340 nm was re- 
corded. Temperature  was maintained a t  30'. 


R E S U L T S  AND DISCUSSION 


I t  was proposed that  granaticin hinds to transfer KNA (4)  and to the 
template KNA in the  reverse transcriptase assay (7); however, these re- 
sults were based on indirect observations. Therefore, hinding ofgranaticin 
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Figure 1--Visible .spectrum ofgranaticin and R N A  type 111 in a direct 
mixing experiment. Kryc a .  15 ml granaticin + 8.5 ml buffer; b, I0 ml 
granaticin + 90 ml buffvr; c, 1 0  ml granaiicin + 2 ml R N A  type 111 + 88 
ml buffer; d ,  10 ml granaticin + 7 nil R N A  type  I I I  + 83 ml buffer and 
10 ml granaticin + 10 ml RNA type III  + 80 ml buffer; e, 10 ml granaticin + .5 ml RNA type I l l  + 85 ml buffer; f ,  10 ml granaticin + 30 ml R N A  
type 111 + 60 ml buffer;#, 10 ml granaticin + I5 ml R N A  type 111 + 7ii 
ml buffer and 10 mlgranat ic in + 25 ml R N A  type  111 + 65 ml buffer; h ,  
10 ml granaticin + 20 ml R N A  type I11 + 70 ml buffer; i. 7 mlgratzaticin 
t 93 tnl buffer; j ,  buffer only. 


to yeast transfer RNA type I11 and a mixture of ribosomal RNA and 
messenger RNA type XI through direct addition and dialysis experiments 
was attempted. In neither experiment did the absorption spectrum of 
granaticin exhibit any changes on addition of the RNA. Part of the visible 
absorption spectrum of granaticin is shown in Fig. 1 (curve a). Neither 
the peak at  580 nm, nor the shoulder at 550 nm in the granaticin spectrum 
were changed significantly on addition of RNA. The same results were 
obtained when granaticin and RNA were mixed or dialyzed for up to 3 
days at temperatures that varied from 2 to 37” in different experiments. 
These results indicate that granaticin does not hind to RNA molecules 
in [i tro.  


In identical experiments where calf‘ thymus DNA was substituted for 
RNA, no i n  vitro hinding of granaticin to DNA was observed. 


The inability of granaticin to interact in oitro with nucleic acids is 
supported by the results o f  the competitive binding assay (1 1). Granaticin 
showed no evidence of‘ displacement of acridine orange from DNA. 


Since the inhibitory action of granaticin on reverse transcriptase (7) 
and on the charging of transfer RNA ( 4 )  might be due to the interaction 
with proteins involved i n  these processes, and no interaction between 
KNA or DNA with granaticin was observed, the possibility that granaticin 
binds to protein (potential nucleophilic reactants) was investigated. The 
enzyme selected for these experiments was pyruvate decarboxylase, since 
compounds similar in structure to granaticin, naphthoquinone, and an- 
thraquinone, inhibit this enzyme (13). Pyruvate decarboxylase was as- 
sayed a t  optimum conditions (12) and was coupled to the reduction of 


acetaldehyde, the product of the pyruvate decarboxylase reaction, by 
alcohol dehydrogenase resulting in the oxidation of reduced nadide. 


Lineweaver-Rurk plots (1/V ilersus l/(S]) yielded parallel lines which 
indicated that granaticin is an uncompetitive inhibitor of pyruvate de- 
carboxylase. In a control experiment where onlv alcohol dehydrogenase 
was assayed, granaticin had no effect on the enzyme. The K ,  for granaticin 
was calculated to be 3.8 mM. Granaticin is, therefore, as good an inhibitor 
of pyruvate decarboxylase as 1,4-naphthoquinone ( k ,  = 4.2 mM) (12), 
whereas anthraquinone, at  twice the concentration, did not inhibit py- 
ruvate decarboxylase (13). Interestingly, granaticin had a half-wave 
potential of -0.685~ (14) compared with a half-wave potential of -0.603~ 
for naphthoquinone (15), but different from the half-wave potential of 
-0 .85~  for anthraquinone (16). These values would indicate a biore- 
ductive alkylation (17) of a nucleophilic center in a protein. Additional 
experiments are required t,o prove this hypothesis. 


It appears that a t  least one of the inhibiting actions of granaticin on 
living cells is the interact,ion of granaticin with proteins and not with RNA 
o r  DNA as reported previously (4,7). However, it should be emphasized 
that the experimental procedures used in the present report utilized di- 
rect binding studies, whereas previous reports (4 ,  7) used indirect bio- 
chemical measurements to conclude that granaticin interacted with RNA 
and DNA. 
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literature are provided at  the end of each chapter. Some helpful hints but 
no answers are given, however. 


No doubt pharmacokineticists will differ with the author in some of 
her interpretations, but this should not be viewed as particularly unusual 
nor detrimental. No one, however, could argue with the avowed purpose 
of the book, which is “to bridge the gap between pure mathematical 
theory, at  the one extreme, and the indiscriminate application of simple 
standard models to data that they may not adequately describe, a t  the 
other.” To this end, the author has made a notable contribution. Re- 
searchers in pharmacology, toxicology, and drug metabolism will find 
it a valuable addition to their bookshelf. 


Reviewed by Howard B. Hucker 
Department of Drug Metabolism 
Merck Institute for Therapeutic Research 
West Point. P A  19486 


Psychotropic Drugs. Plasma Concentration and Clinical Response. 
Edited by GRAHAM D. BURROWS and TREVOR R. NORMAN. 
Dekker, 270 Madison Ave., New York, NY 10016.1981.528 pp. 15 X 
23 cm. Price $68.00 (20% higher outside the US. and Canada). 
This book is well written and highly readable, with an avowed purpose 


of presenting all evidence, pro and con, of the relationship between 
plasma concentrations and clinical response of psychotropic drugs. Never 
mind that we have to wait until Chapter 5 before the question is first 
addressed-the preceding chapters are useful summaries of the mecha- 
nism of action, methodology, and pharmacokinetics of tricyclic antide- 
pressants and antipsychotic agents. 


If this puts the reader in a mood to skip around before settling down 
to read the book straight through, then he or she may as well read the last 
chapter first-a perceptive overview of the subject by Hollister. His rather 
pessimistic estimation of the value of measuring plasma concentrations 
may disappoint some readers, but be sure to judge his reasons fairly before 
dismissing his conclusions. We learn, for example, that the rationale 
behind measurement of plasma concentrations of antianxiety drugs has 
been for pharmacokinetics and not for monitoring treatment. This is 
corroborated in the chapter on benzodiazepines. 


Perusal of the remaining chapters in this interesting book-on zime- 
lidine, lithium, antipsychotic agents, butyrophenones, sedatives, hyp- 
notics, and anticonvulsants-is revealing since, with only one exception, 
the various authors conclude that the relationships between plasma 
concentration and clinical response showed “no consensus,” were 
“questionable” or “futile,” or “correlate poorly” or that the measurements 
were “naive” or “uninformative.” The exception is, of course, lithium. 
This all might make one long for the simpler days of the sulfonamides 
and clear correlations between plasma concentrations, therapeutic re- 
sponse, and side effects. 


As minor criticisms of the book, this reviewer found Chapter 8 on 
chlorpromazine to be too exhaustive in its historical treatment and too 
vituperative in defense of the author’s own analytical method. In addition, 
separate chapters on zimelidine and pharmacokinetics of tricyclic anti- 
depressants and cerebrospinal fluid seem unnecessary.The terminology 


“plasma levels” also appears, which smacks of jargon, yet attempts to 
eliminate it will be a losing battle. 


The book, in general, will be valuable to pharmacologists, clinicians, 
drug metabolism scientists, and analytical chemists in this field. 


Reoiewed by Howard B. Hucker 
Merck Institute for Therapeutic 


West Point, PA 19486 
Research 


Adrenergic Activators and Inhibitors. Part 11. (Handbook of Ex- 
perimental Pharmacology, Vol. 54/11.) Edited by L. SZEKERES. 
Springer-Verlag, 44 Hartz Way, Secaucus, NJ 07094.1981.936 pp. 17 
X 25 cm. Price $224.20. 
This book is the second part of the latest volume in the well-known 


Handbook series and contains two sections and 14 chapters. The first 
section covers the effects of autonomic drugs on organ systems other than 
the nervous and cardiovascular systems. There are chapters on the res- 
piratory system, skeletal muscles, digestive system, endocrine glands, 
genitals, kidneys, urinary tract, eyes, and sweat glands. The second sec- 
tion covers kinetics, toxic effects, biotransformation, and clinical impli- 
cations. All types of adrenergic drugs are covered in great detail, including 
receptor agonists and blocking agents, indirect-acting agonists, false 
transmitters, and neuron-blocking agents. 


As expected, this handbook is well-referenced. The material presented 
is fairly up to date, with the latest references dating from 1978. There are 
more than 10,000 items in the author index and about 13,500 separate 
entries in the subject index. 


Each chapter includes some discussion of functional anatomy, location 
and classification of receptors, and general effects of the drug types of 
interest. Species variation in drug response are fully covered. In fact, some 
unusual and exotic species are included. For example, the apocrine sweat 
glands of the camel, the black rhinoceros, and the slow loris are de- 
scribed. 


It may be unfair to criticize the second part of a two-set volume without 
seeing the first part. However, there are some obvious deficiencies. For 
example, in the chapter on the respiratory system, there is an obvious 
error of calculation in a table showing the selectivity index for metapro- 
terenol. There is no mention of the effects of beta blockers on childbirth. 
In the chapter on the kidney, only receptor agonists and blocking agents 
are covered; the other types of adrenergic drugs are not considered. 
However, these minor deficiencies do not detract from the quality of this 
book. 


This volume is an invaluable resource for all researchers in pharma- 
cology and, together with Volume I, should be available to every serious 
student of pharmacology. 


Reoiewed by Raymond P. Ahlquist 
Department of Pharmacology 
Medical College of Georgia 
Augusta, GA 30902 
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Abstract Administration of sulfonamid'es during periods of hepato- 
biliary failure or hepatic immaturity increases the toxic potential of un- 
conjugated or indirect bilirubin. A small but statistically significant in- 
crease of indirect, or unconjugated bilirubin was noted in dogs after oral 
administration of sulfisoxazole (100 mghg). A similar increase was not 
observed in swine after oral or intravenous administration of sulfisoxazole 
(100 mg/kg) or in humans (-28 mg/kg) after oral administration or in 
dogs (100 mghg) after intravenous administration. Total and conjugated 
bilirubin showed small but statistically significant increases and were 
significantly correlated in dogs after oral and intravenous administration 
of sulfisoxazole (100 mg/kg) and in swine after oral administration of 
sulfisoxazole (100 mg/kg). There was a significant negative correlation 
between conjugated and indirect bilirubin, while total bilirubin increased 
in dogs after oral and intravenous administration of sulfisoxazole. These 
data illustrate a difference in species and administration route when 
attempting to assess the potential toxicity of bilirubin. 


Keyphrases 0 Sulfisoxazole-comparison of serum bilirubin levels after 
a single administration, dogs, pigs, humans 0 Bilirubin-serum levels 
after a single administration of sulfisoxazole, dogs, pigs, humans 0 
Toxicity-potential, indirect bilirubin serum levels after a single ad- 
ministration of sulfisoxazole 


Sulfisoxazole [4-amino-N-(3,4-dimethyl-5-isoxazolyl)]- 
benzenesulfonamide is a white-yellowish, odorless, slightly 
bitter, crystalline powder with a pK of 4.9 (1). It is dis- 
tributed in the extracellular fluid and fails to enter cells 
(2-5) resulting in a plasma concentration which is three 
times higher than that produced by an equal quantity of 
sulfanilamide (4). Sulfonamides, as a class of chemother- 
apeutic agents, are considered to be toxic since they may 


precipitate in the kidney, producing crystalluria (5). The 
infrequency of renal toxicosis (crystalluria) with sulfi- 
soxazole is due to the exceptionally high water solubility 
of the free and conjugated (acetyl) fractions within the 
physiological pH range (6,7). 


Clinical toxicities have been induced by sulfisoxazole 
competing for the same binding sites as warfarin (8) and 
furosemide (9, lo), inducing hemolytic anemia due to 
glucose-6-phosphate dehydrogenase deficiency (1 l), in- 
hibition of anticoagulant factor VIII (12), hypersensitivity 
(13), anorexia (141, agranulocytosis (14), and aplastic 
anemia (14). A case of myocarditis, myositis, and vasculitis 
associated with severe eosinophilia following sulfisoxazole 
therapy has been reported (15). Kernicterus has been re- 
ported in premature infants with increased levels of serum 
bilirubin after treatment with sulfisoxazole (4,16, 17). 


Kernicterus occurred when unconjugated or indirect 
bilirubin was less than 20 mg% in 24 infants, less than 17 
mg% in 15 infants, and less than 15 mg% in 11 infants. 
These occurrences were enhanced by prior acidosis, hy- 
percapnia, and hypothermia (4). 


Plasma samples from six adult patients showed that 
sulfisoxazole concentrations above 5 mg/100 ml had a 
significant displacing effect on bilirubin in uitro (18). 
When comparing the displacing effects of salicylic acid, 
salicyluric acid, and aspirin at sulfisoxazole concentrations 
of 10 mg/100 ml, the most pronounced effect was observed 
when sulfisoxazole displaced bilirubin from plasma sam- 
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Table I-Mean Control Values of Serum Bilirubin in Humans, 
Dogs, and  Swine a 


Total Conjugated Indirect 
Bilirubin, Bilirubin, Bilirubin, 


mgldl mgldl mg/dl 


Humans 0.54 f 0.10 0.41 f 0.05 0.13 f 0.02 
Dogs 0.21 f 0.06 0.08 f 0.04 0.13 f 0.03 
Swine 0.35 f 0.04 0.19 f 0.06 0.15 f 0.05 


0 The mean value f 1 SD of eight samples before oral and intravenous admin- 
istration of sulfisoxazole in six dogs and six swine. The mean value f 1 SD for hu- 
mans are calculated from time zero samples for six human subjects. 


ples of six adults and 13 infants in uitro (18). The dis- 
placement of bilirubin is due to competition for similar 
binding sites on the albumin molecule (19). 


Considering these observations and the importance of 
sulfisoxazole as an antibiotic in treating urinary tract in- 
fections, this study was initiated to define a non-rodent 
animal model which could be used in drug-safety screening 
of sulfonamides. 


EXPERIMENTAL 


Model-The trial consisted of six male human volunteers 25-30 years 
old, weighing 70-80 kg; three female dogs -2 years old, weighing 20.0 f 
1.0 kg; and six female pigs -3 months old, weighing 20.0 f 1.0 kg. The 
human volunteers were administered 2.0 g of sulfisoxazole in a single oral 
dose and blood samples were taken a t  0,1,2,4,6,  and 8 hr after admin- 
istration. The dogs were administered 100 mghcg by intravenous and oral 
routes in two replicates for each route with a 30-day rest period between 
each administration. The pigs also were administered 100 mg/kg by in- 
travenous and oral routes with a 21-day rest period between adminis- 
tration. Blood samples were taken at 0.5,1,2, 3,4.5,6,9,12,22,32,44, 
56, and 72 hr after intravenous administration and 0, 1,2,4,6,8,10,12, 
14,23,32,44,56,76, and 96 hr after oral administration in dogs and swine. 
All animals were maintained on a commercial diet's2 with ad libitum 
access to water and were housed in metabolism cages. 


Materials-A 12.5% solution of sulfisoxazole3 was prepared with 
lithium hydroxide. The solution was filtered and placed in sterile 50-ml 
ampuls4. This solution was used for both the oral and intravenous ad- 
ministration of the drug in dogs and swine and for oral administration 
to the human subjects. Due to the potential toxicity of intravenous sul- 
fisoxazole administration and its removal from the drug market, intra- 
venous administration of the drug to humans was not allowed5. 


Blood samples were taken from the cephalic vein in dogs and humans 
and from the anterior vena cava in swine. Human samples were drawn 
directly into 7-ml sterile silicone-coated tubules6. Ten-milliliter samples 
were taken by a sterile syringe with a 20-gauge needle from the dogs and 
pigs and transferred to sterile silicone-coated tubes6. The samples were 
centrifuged (2000Xg) for 10 min, the serum extracted, protected from 
light, refrigerated, and analyzed within 30 min for total and conjugated 
(glucuronidated) bilirubin. 


Serum Bilirubin-Serum was analyzed for total and conjugated 
(direct or glucuronidated) bilirubin on a discrete automatic analyzer7 
using a commercial standards. 


The conjugated method is a modification of the Van den Bergh diazo 
reaction (20). Under acidic conditions, p-nitrobenzenediazonium tet- 
rafluoroborate is coupled to the glucuronidated bilirubin which is mea- 
sured as an end point reaction a t  540 and 600 nm. The normal range in 
humans is considered to be 0.00 to 0.36 mg/dls. 


The total bilirubin (the conjugated and unconjugated fractions) was 
determined also using a derivation of the Van den Bergh reaction (20). 
A surfactantg was used to solubilize the unconjugated (free) bilirubin, 
which along with the water-soluble glucuronidated bilirubin reacts with 
p-nitrobenzenediazonium tetrafluoroborate in an acid medium to mea- 


l Purina Dog Chow, Ralston Purina, St. Louis, Mo. 
2 Swine Feed 18% protein, University of Florida, Gainesville, Fla. 
3 Hoffmann-LaRoche, Nutley, N.J. 


5 Human Research Committee of the University of Florida. 
6 Vacutainer, Becton-Dickinson, Rutherford, N.J. 
7 ACA, Dupont Instruments, Wilmington, Del. 
8 Dade Division, American Hospital Supply, Miami, Fla. 
9 Tween 20, Dupont Instruments, Wilmington, Del. 


Wheaton, Scientific Products, Ocala, Fla. 
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Figure 1-Serum bilirubin concentrations in humans after oral ad- 
ministration of sulfisonazole (mean f 1 SD). 


sure an end point reaction a t  540 and 600 nm. The normal total bilirubin 
concentration in humans is <1.5 mg/d18; in dogs, the normal level is <0.5 
mg/dl(17); and in swine is <0.6 mg/dl(21). 


Interferences in these methods are due to hemolyzed samples and light 
degradation of the bilirubin. All analyses were conducted within 30 min 
of sampling on serum which was kept in a cool, dark environment. 


Total, conjugated, and indirect bilirubin were analyzed for statistical 
differences'O. The ANOVA program also produced a correlation coeffi- 
cient (R) for parameters with a significant correlation. 


RESULTS 


Due to the lack of metabolic heterogenicity of humans, dogs, and swine, 
each species was used as its own control. The mean values for serum bi- 
lirubin were then used as initial or baseline values (Table I). 


Humans, Oral  Administration-An analysis of variance evaluation 
after oral administration of sulfisoxazole resulted in no statistical dif- 
ference in mean total, conjugated, and indirect bilirubin levels (Fig. 1). 
The lack of significance could be due to the low therapeutic dose (2.0 g, 
-28 mg/kg) administered to the human subjects, the fact that  humans 
are able to reduce the in vivo effects of sulfisoxazole on the hepato-biliary 
system, or the sampling period being too short, and additional samples 
should have been taken over a longer trial period. 


Dogs, Intravenous Administration-The mean total bilirubin 
concentration in six dogs administered sulfisoxazole intravenously ex- 
hibited statistically significant (p < 0.01) linear increases at  4.5 (p < 0.05), 
6.0 (p < 0.1). 9.0 (p < 0.01), and 12.0 ( p  < 0.01) hr with the maximum 
levels occurring a t  6 and 12 hr (Fig. 2). By the next sampling period (22 
hr), the mean total bilirubin concentration had decreased to levels which 
were not significantly different from control values until the 56-hr sam- 
pling period ( p  < 0.01). 


The mean conjugated bilirubin levels also showed statistically signif- 
icant increases at 4 hr (p < 0.01) and continued throughout the sampling 
period (p < 0.01). There was a significant ( p  < 0.01) maximum mean 
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Figure 2-Serum bilirubin concentrations in dogs after intracierzous 
administration of sulfisoxazole (mean f 1 SD). 


' 0  ANOVA program (22), Northeast Regional Computer Center, University of 
Florida. 
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Figure 3-Serum bilirubin concentrations in dogs after oral adminis- 
tration ofsulfisoxazole (mean f 1 SD). 


conjugated bilirubin concentration a t  12 hr, which coincided with the 
maximum mean total bilirubin concentration (Fig. 2). A second increase 
was observed at  56 hr ( p  < 0.01) which coincided with the second increase 
in total bilirubin (Fig. 2). The mean indirect bilirubin concentration (Fig. 
2) was not significantly different from the control level throughout the 
sampling period. 


The mean total bilirubin was significantly correlated with mean con- 
jugated bilirubin ( R  = 0.75, p = 0.0001) and with mean indirect bilirubin 
( R  = 0.31, p = 0.004) after intravenous administration. The significant 
correlation of total and conjugated bilirubin is undoubtedly due to the 
concomitant increase in glucuronidation activity as total bilirubin levels 
increased. If the glucuronidation enzyme system is not capacity limited, 
the possibility of kernicterus due to increased indirect bilirubin is mini- 
mized after intravenous administration of sulfisoxazole in the dog. This 
enzyme system acts to maintain a reduced or limited indirect bilirubin 
concentration and reduces the toxicity of displaced protein-bound bili- 
rubin or increased heme degradation. This was further emphasized by 
the significant negative correlation of conjugated and indirect bilirubin 
( R  = -0.39, p = 0.0002). As the level of conjugated bilirubin increased, 
the potentially toxic indirect bilirubin level decreased. 


A second explanation would be that sulfisoxazole alters the function 
of the normal hepatocyte to increase conjugated bilirubin regurgitation 
into the general circulation, instead of being excreted into the bile. The 
resulting increase in total bilirubin would be the result of the increased 
level of regurgitated, conjugated bilirubin, along with the normal level 
of indirect bilirubin. 


Dogs, Oral Administration-When sulfisoxazole was administered 
orally to dogs, there was a significant linear increase in mean total ( p  < 
0.011, conjugated ( p  < 0.001), and indirect (p < 0.0001) bilirubin (Fig. 
3). Total bilirubin reached its first significant peak a t  12 hr ( p  < 0.01) 
and a higher concentration a t  76 hr ( p  < 0.01) (Fig. 3). The mean total 
bilirubin levels were significantly increased a t  8 ( p  < 0.05), 10 ( p  < 0.01), 
and 12 ( p  < 0.01) hr. A second higher peak occurred a t  76 hr ( p  < 0.01) 
and remained greater than the control levels at the end of the sampling 
period, 96 hr ( p  < 0.01) (Fig. 3). The mean conjugated bilirubin levels also 
increased linearly ( p  < 0.001) during the sampling period. Significant 
increases ( p  < 0.05) were observed a t  8,10, and 12 hr (Fig. 3), the same 
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Figure &Serum bilirubin concentrations in swine after intravenous 
administration of sulfisoxazole (mean f I SD). 


I 


TOTAL 
CONJUGLITED 


- 
.. . 
- - INOlRFCT 


4 - 
i- - - _  


10 20 30 40 50 60 70 80 90 100 
HOURS 


Figure &-serum bilirubin concentrations in swine after oral admin- 
istration of sulfisoxazole (mean f I SD). 


periods in which total bilirubin was significantly increased. After the 
12-hr period, the mean conjugated bilirubin had returned to levels which 
were not significantly different from control levels. The mean conjugated 
bilirubin reached its maximum concentration (0.22 mg/dl) a t  10 hr, while 
the maximum tot.al bilirubin (0.31 mg/dl) occurred a t  the 12-hr sampling 
period (Fig. 3). The mean indirect bilirubin was not significantly different 
from control levels until the 76- and 96-hr periods ( p  < 0.01). Mean in- 
direct bilirubin reached a maximum of 0.28 mg/dl a t  76 hr but had begun 
to decline by the end of the trial. 


Total bilirubin was significantly correlated with conjugated bilirubin 
( R  = 0.06, p = 0.OOOl) and with indirect bilirubin ( R  = 0.56, p = 0.0000i) 
while conjugated bilirubin was also negatively correlated with indirect 
bilirubin (R  = -0.31, p = 0.003). The significant correlation of total and 
conjugated bilirubin is explained by an increase in glucuronidation as 
increased heme degradation or increased indirect bilirubin occurs. It may 
also be due to regurgitation of conjugated bilirubin into the general cir- 
culation. The significant correlation of indirect and total bilirubin il- 
lustrated that the glucuronidation activity could not account for conju- 
gation of all the bilirubin present. The negative correlation of indirect 
and conjugated bilirubin is supportive evidence that toxic, indirect bili- 
rubin levels can be reduced to prevent kernicterus, if glucuronidation 
activity can be stimulated. 


Swine, Intravenous Administration-Analysis of variance using 
mean bilirubin concentrations revealed no statistical difference among 
the six pigs or during time intervals for total, conjugated, or indirect 
serum bilirubin after intravenous administration of sulfisoxazole. The 
mean total conjugated and indirect bilirubin were inci 2asing a t  the end 
of the trial but were not significantly different from control levels (Fig. 
4). 


Total bilirubin was significantly correlated with conjugated bilirubin 
( R  = 0.86, p = 0.0001) and with indirect bilirubin ( R  = 0.61, p = 0.0001) 
after intravenous administration of sulfisoxazole. 


Swine, Oral  Administration-After oral administration of sulfi- 
soxazole, mean total bilirubin was significantly increased ( p  < 0.01) to 
0.52 mg/dl a t  6 hr (Fig. 5) .  A parallel significant ( p  < 0.01) increase was 
also observed in mean conjugated bilirubin a t  6 hr, 0.34 mg/dl (Fig. 5). 
A significant ( p  < 0.0001) linear decrease occurred over the trial period 
in conjugated bilirubin. Mean indirect bilirubin was not significantly 
different from control values a t  any time after oral administration of 
sulfisoxazole. However, indirect bilirubin levels did exceed conjugated 
levels after the 32-hr sampling period and remained a t  an increased level 
throughout the remainder of the trial (Fig. 5). 


Total bilirubin was significantly correlated with conjugated bilirubin 
( R  = 0.81, p = 0.0001) and with indirect bilirubin ( R  = 0.42, p = 0.0001) 
after oral administration of sulfisoxazole. 


Comparison of Bilirubin Levels in Dogs, Swine, and  Humans- 
Control values for total and conjugated bilirubin were higher in humans 
than in swine and lowest in dogs (Table I). The indirect bilirubin levels 
in all three species were similar. 


A significant increase in total bilirubin occurred in dogs a t  12 hr (Fig. 
2) after intravenous administration of sulfisoxazole but did not occur in 
swine (Fig. 4) after administration of the same dose. After oral admin- 
istration of sulfisoxazole, a significant increase in total bilirubin occurred 
in dogs (Fig. 3) and swine (Fig. 5) a t  6 and 12 hr, respectively, with another 
increase in dogs a t  76 hr. In humans, this increase was not observed over 
the same time period, probably due to the difference in the oral dosage 
(Fig. 1). 


72 I Journal of Pharmaceutical Sciences 
Vol. 71. No. 1, January 1982 







$2 0.501 
307 


0.401 
49. 


5 1 0  20 30 40 50 60 7 0  80 90 100 
HOURS 


Figure 6.--Comparison of the indirect bilirubin concentrations in dogs 
after intravenous and oral administration of sulfisoxazole (mean f I 
SD). 


Initially, total bilirubin levels were higher in swine than in dogs (Table 
I) but after intravenous administration of sulfisoxazole, total bilirubin 
was significantly ( p  < 0.01) higher in dogs between 3 and 15 hr (Fig. 2). 
Total bilirubin levels after oral administration were higher in swine than 
in dogs until the 56 hr period when the levels in dogs were significantly 
increased (p = < 0.01) (Fig. 3). Even after administration of sulfisoxazole, 
the total bilirubin increases in dogs and swine did not reach the control 
or treated levels in humans. 


Conjugated bilirubin levels were not significantly increased in swine 
after intravenous administration of sulfisoxazole even though the control 
levels were greater in swine than in dogs. Conjugated bilirubin levels were 
significantly increased in dogs after intravenous administration of sul- 
fisoxazole, exceeded the levels in swine after 3 hr, and reached a maximum 
a t  12 hr after administration. After oral administration of sulfisoxazole, 
conjugated bilirubin levels were elevated in swine a t  6 hr and showed a 
statistically significant increase in dogs a t  10 hr after administration of 
the drug. The conjugated bilirubin levels in dogs and swine after intra- 
venous or oral administration of sulfisoxazole did not reach the control 
or treated conjugated bilirubin levels in humans a t  any of the sampling 
periods. 


Potentially toxic indirect bilirubin showed a statistically significant, 
but clinically small; increase after oral administration of sulfisoxazole 
in dogs (Fig. 6). There were no statistically significant increases in indirect 
bilirubin after oral administration in humans or swine or after intrave- 
nous administration of sulfisoxazole to dogs or swine. 


DISCUSSION 


Small but statistically significant increases in total and conjugated 
bilirubin occurred when sulfisoxazole was administered orally to dogs 
and swine but only when administered intravenously to dogs. The max- 
imum increases occurred a t  different times, depending on species and 
route of administration. This species variation is further reflected by the 
indirect bilirubin exceeding conjugated bilirubin levels in dogs and swine 
when sulfisoxazole was administered orally. While toxic levels of bilirubin 
have not been established, these results show that the oral route of ad- 
ministration does increase the potentially toxic, indirect bilirubin con- 
centration a t  a time far removed from the initial single dose in dogs and 
swine. 


The small but statistically significant increase of total and conjugated 
bilirubin, after oral administration of sulfisoxazole, suggests that the 
absorption of the oral dosage form may cause the hepatocytes to increase 
the normal rate of heme degradation or to increase conjugated bilirubin 
regurgitation into the general circulation. This suggestion is supported 
by the intravenous dose given to dogs increasing only the total and con- 
jugated bilirubin and not significantly affecting the indirect bilirubin 
level. 


The lack of significant effects in humans and the lack of correlation 
between humans and dogs or swine could be due to the shorter sampling 
period in humans, the reduced dosage given to humans, or the species 
variation which exists even though all are monogastric. 


When comparing the correlation coefficient of total and conjugated 
bilirubin in dogs ( R  = 0.75, p = 0.0001) and swine ( R  = 0.85, p = 0.0001) 
after intravenous administration, these parameters are more closely 


correlated in the pig. This is also true for the significant correlation of 
indirect and total bilirubin in dogs (R  = 0.31, p = 0.004) and swine ( R  = 
0.61, p = 0.0001) after intravenous administration of the drug. When 
sulfisoxazole is administered orally, the total and conjugated bilirubin 
levels are more closely correlated in swine ( R  = 0.81, p = 0.0001) than in 
dogs ( R  = 0.60, p = 0.0001) but indirect bilirubin is more closely corre- 
lated to total bilirubin in dogs ( R  = 0.56, p = 0.0001) than in swine ( R  = 
0.42, p = 0.0001). In addition, conjugated and indirect bilirubin are 
negatively correlated after intravenous ( R  = -0.39, p = 0.0002) and oral 
( R  = -0.31, p = 0.003) administration only in the dog. 


I t  is evident that  the route of sulfisoxazole administration affects the 
bilirubin level differently in these three species of animals. The poten- 
tially toxic indirect bilirubin level is significantly increased only after oral 
administration in one of the three species (dogs). This observation would 
be consistent with the first-pass effect (23) which states that oral ad- 
ministration of drugs results in peripheral venous concentrations ex- 
clusively uia the hepatic portal system. This phenomenon, coupled with 
the reduced or impaired metabolic capability of the dog, would explain 
the increase in unconjugated bilirubin in this one-animal model. As a 
non-rodent model, the dog presents an acceptable model to be used in the 
preliminary evaluation of potentially-toxic, drug-induced effects on bi- 
lirubin metabolism after oral administration of the compound. 
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Abstract A series of tetracaine analogs based on the lidocaine struc- 
ture, having a 2’-methyl-(or 2’,6’-dimethyl)-4’-butylaminoanilide moiety 
with a substitution on the dialkylaminoacyl function, has been synthe- 
sized. Local anesthetic activity was found with the N-butyl derivatives 
in both the 2’-methyl and 2’,6’-dimethyl series using both the method 
of rabbit cornea loss of reflex and spinal anesthesia in sheep. Duration 
of activity of the compounds was greater than that of lidocaine, but less 
than that of tetracaine, with comparable dosage levels. 


Keyphrases [7 Anesthetics-2-NJV- dialkylaminoacyl-2’-methyl (or 
2’,6’-dimethyl)-4’-butylaminoanilides, local anesthetic, rabbits, sheep 


Tetracaine-synthesis of analogs from lidocaine structure 0 Lido- 
caine-tetracaine synthesis 


Tetracaine is employed as both an injectable and topical 
local anesthetic and remains in common use for spinal 
anesthesia (1). This compound, an ester, is fairly stable but 
suffers some loss of potency during autoclaving ( 2 ) .  To 
provide greater stability and possibly lower toxicity, a se- 
ries of amide analogs based on the lidocaine structure has 
been synthesized. This series includes both 2-methyl and 
2,6-dimethyl substituents in the aromatic ring, as well as 
alkyl groups on the a position of the aliphatic side chain, 
giving structures of Type 1: 


‘R, 
R, = H, CH, 


R, = CH,, C,H, 
RZ = H, CH3, CzH,, C,H,, CaH, 


A few sterically hindered tetracaine analogs have been 
prepared previously: several 2-dialkylaminoethyl 4’-bu- 
tylamino-2f,6f-dimethylbenzoates and two 2-N,N- dialk- 
ylaminoethyl-4’-butylamino-2‘,6’-dimethylbenzamides 
( 3 ) .  The latter compounds showed a long duration of ac- 
tivity but were appreciably toxic. No 2-N,N-dialkylami- 
noacyl-2’-methyl (or 2’,6’-dimethyl)-4’-butylaminoanil- 
ides, which comprise true lidocaine-type analogs of tet- 
racaine, have been reported. 


RESULTS AND DISCUSSION 


Synthesis-The synthetic procedure followed is outlined in Scheme 
I. The starting material for the synthesis of the 2,6-dimethylanilides, 
2,6-dimethyl-4-nitroaniline, was prepared by the method of Wepster (4), 
which involved the nitration of the N-tosyl derivative of 2,6-dimethyl- 
aniline. Attempts to nitrate N-chloroacetyl-2,6-dimethylanilide 
failed. 


The preparation of some of the N-chloroacyl-2’-methyl-4’-nitroanilidee 
was carried out using the procedure of Lofgren ( 5 ) ,  using the reaction of 
chloroacyl chlorides with 2-methyl-4-nitroaniline. When this reaction 
was applied to 2,6-dimethyl-4-nitroaniline, no amide resulted. For the 
preparation of the N-haloacyl-2‘,6’-dimethyl-4’-nitroanilides, or 2’- 
methyl derivatives where the acid halide was not commercially available, 


CH3 / 0 
NO,+*+ X-CH-C-H II - 


PCl, I - 
\ R 2  Ri 


R, Rp 
\ 


/‘ Fe - 
HCl 


NHCCHN 
I ‘R3 
R2 


R, 


I 
D 


’R, 


R, = H, CH, 
Rz = H, CH,, C,H,, C,H,, C,H, 
R, = CH,, CZHs 


Scheme I 
the method of Lemaire et al. (6) was successful. This involved the prep- 
aration of the acid chloride in situ with phosphorus trichloride. 


The  N,N-dialkylaminoacyl-2’-methyl (or 2’,6’-dimethyl)-4’-ni- 
troanilides were obtained in conventional fashion from treatment of the 
a-haloacylanilides with dimethylamine hydrochloride in the presence 
of anhydrous sodium bicarbonate or from diethylamine. Ez elimination 
was observed with the longer chain acyl functions. Physical constants 
of the haloacyl and dialkylaminoacyl derivatives are listed in Table I. 
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..dNH!mR, R, Ri i 
Table I-Physical Properties of 2-N,N-Dialkylaminoacyl-2'-methyl (or 2',6'-dimethyl)-4'-nitroanilides - 


IR, C=O Analysis, % 
R3 Yield, % mP Formula cm-' Calc. Found R i  


H 


H 


H 


H 


H 


CH3 


CH3 


CH3 


CH3 


CH3 


H 


H 


H 


H 


H 


CH3 


CH3 


CH3 


CH3 


H 


H 


H 


74 


70 


87 


84 


81 


77 


53 


74 


73 


71 


79 


87 


85 


86 


82 


87 


80 


82 


75 


93 


83 


80 


121-122.5 


115-116 


142-144 


13 1.5-133 


118-120 


234-236 


187-189 


203-205 


181-183 


138-140 


77-78 


81-82 


54.5-56 


85-86.5 


69-70 


91-93 


125-127 


106-108 


95-96 


73-74.5 


88-89 


69-70 


1675 


1670 


1665 


1665 


1665 


1660 


1660 


1650 


1650 


1655 


1695 


1700 


1705 


1700 


1700 


1670 


1656 


1650 


1650 


1700 


1700 


1710 


C 47.28 
H 3.98 
N 12.25 
C1 15.51 
C 49.50 
H 4.57 
N 11.54 
C1 14.61 
C 43.87 
H 4.35 
N 9.30 
Br 26.53 
c 45.73 
H 4.80 
N 8.89 
Br 25.35 
c 47.43 
H 5.21 
N 8.51 
Br 24.27 
C 49.50 
H 4.57 
N 11.54 
C1 14.61 
C 51.47 
H 5.10 
N 10.91 
C1 13.81 c 45.73 
H 4.80 
N 8.89 
Br 25.35 
c 47.43 
H 5.21 
N 8.51 
Br 24.27 
C 48.99 
H 5.58 
N 8.16 
Br 23.28 
C 55.69 
H 6.37 
N 17.71 
C 57.36 
H 6.82 
N 16.72 
C 58.85 
H 7.22 
N 15.84 
C 60.20 
H 7.58 
N 15.04 
C 61.41 
H 7.90 
N 14.32 
C 57.36 
H 6.82 
N 16.72 
C 60.20 
H 7.58 
N 15.04 
C 61.41 
H 7.90 
N 14.32 
C 62.52 
H 8.20 
N 13.67 
C 58.85 
H 7.22 
N 15.84 
C 60.20 
H 7.58 
N 15.04 
C 61.41 
H 7.90 


47.28 
4.10 


12.20 
15.42 
49.67 


4.61 
11.49 
14.77 
44.03 


4.49 
9.23 


26.72 
45.84 


4.96 
8.72 


25.15 
47.53 


5.28 
8.37 


24.45 
49.60 


4.51 
11.44 
14.72 
51.57 
5.18 


10.72 
14.01 
45.84 


5.09 
8.78 


25.15 
47.57 
5.25 
8.35 


24.35 
49.09 


5.67 
8.10 


22.97 
55.66 


6.38 
17.84 
57.43 


6.67 
16.84 
58.91 


7.25 
15.77 
60.22 


7.58 
14.99 
61.32 


7.72 
14.43 
57.36 


6.75 
16.67 
60.18 


7.45 
15.01 
61.60 


7.77 
14.27 
62.25 


8.13 
13.56 
58.93 
7.15 


15.90 
60.29 


7.49 
15.14 
61.42 
7.83 


N 14.32 14.18 


Continued on next page 
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Table I-Continued 


IR, C=O Analysis, 70 
Ri Rz R3 Yield,% Formula cm-’ Calc. Found 


N 13.07 13.13 
CH3 H N(CzH5)z 90 100-101 Ci4HziN303 1700 C 60.20 60.34 


H 7.58 7.80 
N 15.04 14.86 


62.35 C 62.52 CH3 CzHs N(CzH5)z 47 84-86 Ci6H25N303 1650 
H 8.20 8.15 
N 13.67 13.73 


CH3 C3H7 N(C2Hs)z 43 94-96 Ci7H27N303 1650 C 63.53 63.39 
H 8.47 8.41 
N 13.07 12.92 


CH3 C4H9 N(CzH5)z 41 73-75 Ci~HzgN303 1650 C 64.64 64.52 
H 8.71 8.68 
N 12.53 12.44 


Table 11-Physical Properties of 2-N,N-Dialkylaminoacyl-2’-methyl 
(or 2,’6’-Dimethyl-4’-( p-toluenesulfonamido)anilides 


CH, () 


Rz R3 


CH,C,H4S0,N G N H ! ! C H N < R 4  I R4 


I 
R, 


~~~~~~~~~ ~ 


IR, C=O Analysis, % 
RI Rz R3 Rq Yield,% mP Formula cm-1 Calc. Found 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


H 


90 


95 


85 


82 


78 


87 


69 


79 


64 


73 


81 


62 


138-139 


119-121 


67-68.5 


128-130 


54-57 


81-84 


80-84 


195-197 


160-162 


182-184 


174-177 


171-173 


1660 


1660 


1670 


1660 


1665 


1665 


1670 


1650 


1655 


1655 


1665 


1650 


C 59.81 
H 6.41 
N 11.62 
S 8.87 
C 61.67 
H 6.99 
N 10.79 
S 8.23 
C 62.50 
H 7.24 
N 10.41 
s 7.95 
C 61.67 
H 6.99 
N 10.79 
S 8.23 
C 63.28 
H 7.48 
N 10.06 
S 7.68 
C 67.28 
H 7.27 
N 8.72 
S 6.65 
C 67.80 
H 7.47 
N 8.48 
S 6.45 
C 60.78 
H 6.71 
N 11.19 
s 8.54 
C 62.50 
H 7.24 
N 10.41 
s 7.95 
C 62.50 
H 7.24 
N 10.41 s 7.95 
C 64.01 
H 7.71 
N 9.74 
s 7.43 
C 63.28 
H 7.48 
N 10.06 


59.76 
6.47 


11.50 
9.02 


61.81 
7.06 


10.65 
8.31 


63.07 
7.44 


10.02 
7.70 


61.36 
6.96 


10.60 
8.37 


63.30 
7.61 
9.85 
7.64 


67.41 
7.32 
8.82 
6.68 


67.42 
7.62 
8.54 
6.47 


61.19 
6.61 


11.01 
8.20 


62.65 
7.18 


10.26 
7.95 


62.28 
7.30 


10.00 
7.77 


64.07 
7.60 
9.71 
7.39 


63.16 
7.38 
9.95 


S 7.68 7.80 
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Table 11-Continued 


IR, C=O Analysis, 70 
Ri R:! R3 R4 Yield,% mP Formula cm-‘ Calc. Found 


H CH3 C3H7 CzHs 72 169-171 Cz4H35N303S 1660 C 64.69 64.71 
7.82 H 7.92 


H CH;] C4H9 CHB 81 70-75 


N 9.43 


1660 


1690 


1700 


1700 


1695 


1695 


1695 


1695 


1690 


1650 


N 9.74 
s 7.43 
C 65.33 
H 8.11 
N 9.14 
S 6.98 
C 63.28 
H 7.48 
N 10.06 
S 7.68 
C 64.69 
H 7.92 
N 9.43 
S 7.20 
C 65.33 
H 8.11 
N 9.14 
S 6.98 
C 64.69 
H 7.92 
N 9.43 
S 7.20 
C 65.93 
H 8.30 
N 8.87 
S 6.77 
C 65.33 
H 8.11 
N 9.14 
S 6.98 
C 65.93 
H 8.30 
N 8.87 
S 6.77 
C 65.33 
H 8.11 
N 9.14 
S 6.98 
C 66.49 
H 8.47 
N 8.62 
S 6.57 


C4H9 CH3 C3H7 CH3 73 139-141 CztjH39N303S 1650 C 65.93 
H 8.30 
N 8.87 
S 6.77 


C4H9 CH3 C3H7 C2H5 79 97-99 CzsH43N303S 1650 C 67.03 
H 8.64 
N 8.37 
S 6.39 


C4H9 CH3 C4H9 CHa 71 124-125 CmH41N303S 1650 C 66.49 
H 8.47 
N 8.62 
S 6.57 


9.26 
7.30 


64.12 
7.73 
9.58 
7.16 


65.41 
7.98 
9.12 
7.08 


63.33 
7.54 


10.02 
7.63 


64.85 
7.80 
9.28 
7.34 


65.43 
8.06 
9.26 
7.09 


64.58 
7.88 
9.32 
7.37 


66.36 
8.42 
8.60 
6.68 


65.30 
7.98 
9.07 
7.16 


65.89 
8.44 
8.86 
6.74 


65.34 
8.06 
9.00 
7.15 


66.65 
8.39 
8.56 
6.49 


65.89 
8.36 
8.88 
6.71 


67.02 
8.66 
8.28 
6.40 


66.42 
8.41 
8.58 
6.68 


The reduction of the nitro group was done with iron and hydrochloric 
acid, according to the method of Clinton et al. (7), giving 85-9570 yields 
of amine. The butylation of the 4-amino group was attempted by several 
procedures. Both direct alkylation with butyl bromide and reductive 
alkylation procedures using propionaldehyde and reducing agents gave 
mixtures of mono- and dibutylamino compounds. Monobutylation suc- 
ceeded by using a modification of the method of Hendrickson and Ber- 
geron (81, in which the amino group is first tosylated and then alkylated 
with butyl bromide. The alkylations generally required 5-10 days at  room 
temperature. The regeneration of the amine from the N-butylsulfona- 
mide was achieved in excellent yield by treatment with sodium naph- 
thalene anion radical in 1,2-dimethoxyethane. The mechanism for this 
procedure is assumed to be the same as that proposed previously (9) for 
the sodium-liquid ammonia cleavage of toluenesulfonamides. 


Physical constants of the 4’-N-tosyl intermediates prepared are listed 
in Table 11, and of the 4‘-amino and 4’-butylamino compounds are re- 
corded in Table 111. 


Local Anesthetic Evaluation-Primary local anesthetic activity was 


measured by determining loss of reflex of the rabbit cornea (lo),  using 
lidocaine for comparison. With this method, both time of onset and du- 
ration of action may be determined; testing data are recorded in Table 
IV. Of the 4’-amino compounds which were not N-butylated, none 
showed significant activity by this procedure. Of the N-butyl derivatives, 
the 2’,6’-dimethyl compounds generally had a longer duration of action 
than the 2’-methyl substituted compounds. One 2’-methyl derivative, 
the a-butyl compound, had a comparable time for duration of activity, 
indicating that a greater extent of alkylation gave greater duration times. 
This was also the case among the 2’,6’-dimethyl derivatives, where the 
a-propyl and a-butyl compounds had the longest duration times. Times 
of onset of action were comparable in both series and were somewhat less 
than that of lidocaine. Duration times in both series were significantly 
greater than that for lidocaine. 


Determination of the degree of spinal anesthesia in sheep, using the 
method of Lebeaux ( l l ) ,  was also done with four of the 2’,6’-dimethyl 
series, including one non-N-butyl derivative. Times of onset of activity 
as well as duration of anal block, digital block, and motor block were 
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Table 111-Physical Properties of 2-N,N-Dialkylaminoacyl-2'-methyl 
(or 2,i6'-Dimethyl)-4f-aminoanilides 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


15 


16 


17 


18 


19 


20 


21 


22 


23 


%, IR, C=O Analysis, % 
Ri Rz R3 R4 Yield mP Formula cm-l pKa Calc. Found 
H H H CH3 95 100.5-102 CiiH17N30 1650 7.39 C 63.74 63.77 


90 


82 


81 


75 


89 


79 


72 


90 


85 


80 


69 


82 


70 


69 


82 


65 


89 


93 


79 


84 


80 


85 


53-54 


76-78 


77-78 


76-77 


78-80 


99-100 


52-53 


120- 12 1 


129-130 


101-103 


139-141 


97-99 


179-181 


83-85 


183-185 


90-92 


50-5 1 


41-41.5 


134-136 


55.5-57 


63-65 


48-49 


1670 


1635 


1670 


1650 


1650 


1655 


1675 


1650 


1660 


1660 


1650 


1650 


1650 


1650 


1650 


1650 


1675 


1675 


1690 


1660 


1660 


1665 


7.85 


7.30 


8.01 


7.23 


H 8.27 
N 20.27 
C 66.35 
H 8.99 
N 17.86 
C 65.13 
H 8.65 
N 18.99 
C 67.44 
H 9.30 
N 16.85 
C 66.35 
H 8.99 
N 17.86 


8.12 C 68.40 
H 9.57 
N 15.95 


7.18 C 67.44 
H 9.30 
N 16.85 


7.92 C 69.28 
H 9.81 
N 15.15 


7.15 C 68.40 
H 9.57 
N 15.95 


7.27 C 65.13 
H 8.65 
N 18.99 


7.80 C 67.44 
H 9.30 
N 16.85 


7.15 C 67.44 
H 9.30 
N 16.85 


8.05 C 69.28 
H 9.81 
N 15.15 


7.20 C 68.40 
H 9.57 
N 15.95 


7.85 C 70.06 
H 10.03 
N 14.42 


7.01 C 69.28 
H 9.81 
N 15.15 


7.85 C 70.78 
H 10.23 
N 13.76 


7.21 C 68.40 
H 9.57 
N 15.95, 


7.67 C 70.06 
H 10.03 
N 14.42 


8.20 c 54.49 
H 8.89 
N 10.59 
C1 17.87 


7.25 C 70.06 
H 10.03 
N 14.42 


8.02 C 71.43 
H 10.41 
N 13.15 


7.25 C 70.78 
H 10.23 
N 13.76 


8.15 
20.29 
66.37 


8.89 
17.88 
65.20 


8.61 
19.05 
67.32 
9.31 


17.04 
66.09 
8.81 


18.07 
68.32 


9.58 
16.13 
67.47 


9.36 
17.02 
69.50 


9.83 
15.24 
68.63 


9.63 
16.10 
65.20 


8.55 
19.11 
67.60 


9.39 
16.88 
67.15 
9.39 


16.54 
69.01 


9.84 
15.20 
68.28 


9.63 
15.97 
70.18 
10.10 
14.53 
69.29 


9.93 
15.23 
70.90 
10.24 
13.91 
68.40 


9.47 
16.14 
69.63 


9.99 
14.51 
54.41 


9.27 
9.98 


17.77 
69.88 


9.91 
14.31 
71.40 
10.47 
13.20 
70.83 
10.31 
13.81 
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Table 11-Continued 


%, IR, C=O Analysis, ‘70 
R4 Yield Formula cm-I pKa Calc. Found RI R2 R3 


24 C4H9 H C4H9 


25 C4H9 CH3 H CzHs 81 39-40 C18H31N.30 


26 


27 


28 


29 CH3 C4H9 CH3 79 


155-158 


45-47 


176-178 


204-206 


measured and are listed in Table V. With this determination, the non- 
N-hutyl derivative tested (number 13) showed activity somewhat greater 
in duration than that of lidocaine. The three N-hutyl compounds tested 
showed greater duration of activity than 13, but were significantly less 
than that of tetracaine. It is concluded that this series of compounds has 
local anesthetic potency intermediate between that of lidocaine and 
tetracaine. 


Ionization constants are listed in Table 111 for the 4’-amino derivatives. 
No correlation is evident between local anesthetic potency and pKa 
values. A previous attempt to find a correlation between ionization 
constants, oil-water partition coefficients, and local anesthetic activity 
failed to give statistically significant results (12), although some general 
trends were noted. Also, IR absorption frequencies for carhonyl ab- 
sorption are listed in Table 111. A previous study (13) revealed an opti- 
mum absorption frequency range for good anesthetic potency, hut no 
optimum range for carbonyl absorption is evident for the durations of 
activity reported here. However, a definite effect of the a-substituent 
on increasing the wavelength a t  which carhonyl ahsorption occurs is 
apparent. 


EXPERIMENTAL 


Melting points were taken’ and are uncorrected2. Infrared spectra were 
recorded on a spectrophotometer3 using KBr pellets. TLC was carried 
out using silica gel plates, and the products were detected by exposure 
to iodine vapor or UV light. Organic reagents were supplied4+. 


N-Haloacyl-%’-methyl (or 2‘,6’-dimethyl)-4’-nitroanilides- 
Method I-Chloroacetyl chloride (14.91 g, 0.132 mole) was added rapidly 
to a solution of 18.26 g (0.12 mole) of 2-methyl-4-nitroaniline in 100 ml 
of glacial acetic acid a t  15”. A solution of 45.2 g of sodium acetate trihy- 
drate in 200 ml of water at  10’ was added quickly. The mixture was 
shaken for 35 min, and the product was filtered, washed with 50% hy- 
drochloric acid and water and dried. Recrystallization was generally done 
with ethanol and charcoal. 


Method 2-A mixture of 15.22 g (0.1 mole) of 2-methyl-4-nitroaniline, 
7 ml (0.084 mole) of phosphorus trichloride, and 0.105 mole of 2- 
hromocarboxylic acid in 250 ml of dry benzene was refluxed for 3 hr and 
filtered. The filtrate was evaporated, and the crude product was washed 
with 50% hydrochloric acid and water and dried. Recrystallization was 
done with aqueous ethanol and charcoal. Refluxing time for acylation 
of 2,6-dimethyl-4-nitroaniline was 24-48 hr. 


Method 3-2,6-Dimethyl-4-nitroaniline (4) (15.0 g, 0.09 mole) and 
redistilled triethylamine (10.0 g, 0.1 mole) in 200 ml of anhydrous ether 
was cooled to 0-5”, and 14.12 g (0.125 mole) of chloroacetyl chloride was 
added dropwise with vigorous stirring and ice cooling for 1 hr. The mix- 


‘ Mel-Temp apparatus. 
Microanalyses were done by Dr. F. B. Strauss, Oxford, England. 
Perkin-Elmer spectrophotometer Model 457A. 
Aldrich Chemical Co. 
Fisher Scientific Co. 
J .  T. Baker Chemical Co. 


N 11.80 11 6 4  
Cl -9.96 10.11 


1670 7.82 C 70.78 70.92 
10.14 H 10.23 


N 13.76 


H 9.26 
N 9.90 
CI 16.70 


C ~ O H ~ ~ N ~ O . ~ H C I . H ~ O  1690 8.05 C 56.59 


Cis1HmN30 1660 7.18 C 71.43 
H 10.41 
N 13.15 


C21Ho7N30.2HCI- 1690 7.77 C 58.74 
H 9.46 
N 9.79 


0.7H20 


C1 15.69 
C ~ O H ~ ~ N ~ O * ~ H C I *  1695 7.22 C 58.33 
0.5Hz0 H 9.28 


N 10.20 
Cl 16.36 


13.82 
56.54 


9.62 
9.58 


16.45 
71.51 
10.54 
13.20 
58.67 
9.32 
9.41 


15.82 
58.50 
9.05 
9.71 


16.15 


ture was shaken for 6 hr a t  room temperature and the ether was evapo- 
rated under reduced pressure. The crude product was washed with 50% 
hydrochloric acid and water, dried, and recrystallized from ethanol and 
charcoal. 
2-N,N-Dimethylaminoacyl-2’-methyl (or 2’,6’-dimethyl)-4’- 


nitroanilides-Dimethylamine hydrochloride (16.15 g, 0.198 mole) and 
anhydrous sodium bicarbonate (16.63 g, 0.198 mole) in 300 ml of anhy- 
drous benzene was stirred for 30 min, and chloroacetyl-2’-methyl-4’- 
nitroanilide (13.8 g, 0.066 mole) was added. The mixture was refluxed 
for 30 hr, cooled, and filtered. The benzene filtrate was extracted with 
four 80-ml portions of 1 N HCI, and the combined extracts were brought 
to pH 10 with 7 N NaOH solution. The precipitate was recrystallized from 
aqueous ethanol. When this method was applied to a-haloacyl 2,6-di- 
methyl-4-nitroanilines, the refluxing required 4-6 days. 


For preparation of the N,N-diethyl derivatives, redistilled diethyl- 
amine was used. 
2-N,N-Dialkylaminoacyl-2’-methyl (or 2’,6’-dimethyl)-I‘-ami- 


noanilides-To a stirred, boiling mixture of powdered iron (10.35 g, 0.185 
mole), ethanol (85 ml), water (25 ml), and concentrated hydrochloric acid 
( 1  ml) was added in 7.0-g portions (0.0‘26 mole) of N,N-diethylaminoa- 
cetyl-2‘-methyl-4’-nitroanilide. The heat source was removed during the 
addition. The mixture was stirred and boiled gently for 35 min, cautiously 
treated with 10.0 g of powdered sodium bicarbonate, stirred a t  boiling 
for 10 min, and filtered hot. The filter cake was washed with hot alcohol, 
and the alcohol was removed in ULICUO.  The residue was added to 15 ml 
of water and extracted three times with ethyl acetate. The extract was 


Table IV-Local Anesthetic Activity: Method of Loss of Reflex 
by the Rabbit  Cornea 


Onset, Duration, 
Numbern R1 R2 R3 sec min 


18 H H CH3 
19 H H 


25 


Lidocaine 


1% solutions, pH -6.7, were tested. 


45 
25 
40 
30 
55 
15 
30 
30 
25 
35 
20 
65 
90-120 


40 
65 
50 
3 5 
40 
55 
90 
65 
75 
100 
120 
105 
20-25 
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Table V-Local Anesthetic Activity: Spinal Anesthesia in the Sheep 


Number 
70, Concen. 


t.ration 


11 
25 


26 
27 
Lidocaine 
Tetracaine 
1 : h o s e  


2.0 
0.25 
1.0 
1.0 
1.0 
1.5 
0.5 
5.0 


PH 


6.5 
6.0 
6.0 
5.9 
5.3 
6.7 
6.25 
6.2 


Number 
of 


Animals 


Onset 
(Anal), 


Min 


Duration, min 
Anal Digital Motor 
Block Block Block 


Complete 
Recovery, 


Min 


1-2 
3-5 
1.5 
1 
1 
1 
1-1.5 
- 


73 78 730 
25 18” 206 
100 100 80 
169 129 88C 
180 142 36 
61 f 16 51 f 9 24 f 7 
302 f 66 285 f 46 208 f 77 
0 n n 


178 
60 
158 
320 


>360d 


>360d 
95 f 21 


- 
a Frequency 75%. Frequency 50%. Frequency 67%. Less than 24 hr. 


dried (MgS0.d and concentrated to a small volume. The syrupy residue 
was recrystallized from benzene-commercial hexane7. 
2-N,N-Dialkylaminoacyl-2‘-methyl (or 2‘,6‘-dimethyl)-4‘-(p- 


toluenesulfonamido)anilides-2-Dimethylaminoacetyl-2’-methyl- 
4’-aminoanilide (4.2 g, 0.021 mole) and redistilled pyridine (1.5 ml) in 40 
ml of methylene chloride was cooled to O”, and 4.46 g (0.023 mole) of 
p-toluenesulfonyl chloride was added slowly with stirring and ice-cooling 
during 30 min. The mixture was stirred for several hr at 0-5”, methylene 
chloride was removed in uacuo, and the residue was added to 80 ml of 
water. The pH was adjusted to 10 with dilute sodium hydroxide solution, 
the solution was extracted with ethyl acetate, and the extract was dried 
(MgSOj). I t  was concentrated to a small volume, and the residue was 
recrystallized from benzene-commercial hexane7. 
2-N,N-Dialkylaminoacyl-2’-methyl (or 2’,6‘-dimethyl)-4’-(N‘- 


butyl-p-toluenesulfonamido)anilides-2-Dimethylaminoacetyl-2’- 
methyl-4’-(p-toluenesulfonamido)anilide (2.8 g, 0.0078 mole), anhydrous 
potassium carbonate (4.31 g, 0.031 mole), and redistilled n-butyl bromide 
(9.62 g, 0.0702 mole) in 70 ml of dry acetone was stirred a t  room tem- 
perature for 7 days. Thz mixture was filtered, and acetone was removed 
in a rotary evaporator. The residual syrup was crystallized from benzene- 
or ether-commercial hexane7. 
2-N,N-Dialkylaminoacyl-2’-methyl (or 2‘,6’-dimethyl)-4‘- 


butylaminoanilides-Naphthalene (4.64 g, 0.036 mole) in 30 ml of 
1.2-dimethoxyethane was kept under nitrogen, and 0.83 g (0.036 mole) 
of sodium was added. After 5 min, 2.49 g (0.006 mole) of 2-dimethylam- 
inoacetyl-2’-methyl-4’-(N’-butyl-p-toluenesulfonamido) anilide in 10 
ml of 1,2-dimethoxyethane was added, and the solution was kept a t  room 
temperature under nitrogen for 80 min. Water was added to quench the 
reaction, and the solvent was removed in a rotary evaporator. The residue 
was added to 50 ml of water, the pH was brought to -2, and the solution 
was extracted three times with ether. The aqueous solution was adjusted 
to pH 10 and extracted with ethyl acetate. The extract was dried (MgSOr) 
and concentrated, and the residual syrup was crystallized from 
hexane. 


Local Anesthetic Evaluation-Primary local anesthetic testing was 
done by measuring loss of reflex of the rabbit cornea according to Rose 
(10). Each compound was tested in sterile 1% aqueous solution, pH 6.7, 
using 1% lidocaine solution, containing no epinephrine, as standard. The 
test solution (3-4 drops) was applied to one eye of the rabbit, the other 
eye being treated with control solution, pH 6.7, containing no anesthetic. 
Using a soft cotton filament rolled to a fine point, the time a t  which loss 
of reflex on touching with the filament was recorded to indicate onset of 
action. The procedure was continued, and the time at which reflex activity 
returned was recorded for duration of action. 


The extent of spinal anesthesia in the sheep was determined according 
to the procedure of Lebeaux (11). Sterile solutions (2 ml) of the test 


compounds a t  the concentrations indicated in Table V and containing 
glucose (50 mg/ml) were injected intrathecally between the L6 and S1 
vertebra. Onset and duration times for sensory blocks from the anal and 
digital (hind limb) areas were recorded, and for motor block when the 
animals were able to stand. Frequency of block was 100% except where 
indicated. Lidocaine (1.5%) and tetracaine (0.5%) solutions were used 
as standards and glucose (5.0%) solution as control. 


Ionization Constants-Determination of ionization constants was 
done according to the procedure of Albert and Serjeant (14) using a pH 
meters with glass and calomel electrodes. Titrations of 0.001 M aqueous 
solutions of the compounds were made with 0.01 N KOH in 0.5-ml por- 
tions. Each titration yielded 10 pH values, giving 10 values for the pKa’s, 
which were averaged. If pH values fell outside the 5-9 range, corrections 
were made for hydrogen or hydroxide ion concentrations. 
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COMMUNICA TIONS 


Distribution Volume Related t o  Body Weight and 
Protein Binding 


Keyphrases Volume of distribution-related to body weight and 
protein binding Pharmacokinetics-distribution volume related to 
body weight and protein binding 


To t h e  Editor: 
The physiological approach to drug distribution volume 


proposed by Gillette (1) has proven very useful for char- 
acterizing the dual effects of body size and plasma and 
tissue binding on steady-state volume of distribution (V,, ). 
Gillette’s equation has commonly appeared as: 


v,, = vp + &E vt (Eq. 1) 


where V, is plasma volume, Vt is remaining body volume 
or mass accessible to drug, and f!, and fut are the fractions 
of unbound drug in plasma and tissues, respectively, which 
are assumed to be concentration-independent parame- 
ters. 


Related conceptual models have been proposed by 
Wagner (a),  Oie and Tozer (3), and others (reviewed in Ref. 
4) with the assumptions that unbound drug diffusion 
serves as the equilibrating mechanism throughout body 
spaces, linear conditions exist, and the drug is bound 
and/or partitions into various tissue spaces. Equation 1 has 
been particularly helpful in pharmacokinetics as it ra- 
tionalizes the meaning and calculation of V,ss as an essen- 
tial “model-independent” parameter (5) and provides a 
means for estimating tissue binding of drugs. In the latter 
regard, Gibaldi and McNamara (6) revised Eq. 1 to yield 
a relationship which allowed calculation of fut  based on 
assumption of reasonable values of V, and Vt:  


f u t  


Vtfup 
f u t  = 


(Eq. 3) 


The purpose of this communication is to further consider 
Eq. 1 in terms of the practice of normalizing V,ss for body 
weight and for fup. 


The adjustment of Vs,s for total body weight (TBW) has 
been proposed as a means of expressing drug distribution 
in terms of an apparent tissue-plasma distribution or 
partition coefficient (5, 7): 


K o  = V,,/TBW (Eq. 3) 


While further division of Vs,s/TBW by f u p  appears logical, 
the usefulness of the resulting parameter has not been 
ascertained. For oral dose clearance data, the analogous 
computation of Doself,, X AUC yields the intrinsic 
clearance of unbound drug, a parameter indicative of the 
V,,,/K, ratio for a biotransformation process (8, 9). It 
would be helpful if V,s,s/fup had a similar, direct physio- 
logical interpretation. 


Equation 1 can be rearranged to the following expression 
upon division by f u p  and substitution of TBW - V ,  for 
V, : 


(Eq. 4) 


Since V, is small compared to TBW, the approximation 
can be made that Vt N TBW and Eq. 4 simplifies and re- 
arranges to: 


K %  = Vs,q TBW-’fUp-l = fU, - l  (Eq. 5) 


Thus, the calculation of V S 5 ,  normalized both for body 
weight1 and plasma binding, should yield a reasonable 
value for the reciprocal of f u b ,  an estimate of the unbound 
fraction of drug in the body. This “intrinsic volume” 
should help in examining factors such as the effects of 
disease states on plasma and tissue binding of drugs. 


While fut  has been viewed (6) as “the average fraction 
of unbound drug in the extravascular water space weighted 
for tissue mass” according to Eq. 2, it serves in Eq. 5 as “the 
average fraction of unbound drug in the body weighted for 
tissue mass.” Neither parameter can be considered more 
correct without direct quantitation of tissue binding. 
However, Eq. 5 is proposed for use because of several ad- 
vantages. I t  obviates the need to estimate V, and V,  in 
different persons or animals as body water spaces. The 
assumption that drugs are localized only in body water 
spaces is thereby removed, but the influences of lipid 
partitioning, active transport, ion trapping caused by pH 
differences among tissues, and binding to body solids be- 
come implicitly included (3 ,4) .  As experimental capabil- 
ities for estimating tissue drug binding in uitro (4, 10) 
improve, the value of fub should prove easier to measure 
and calculate per unit of total tissue mass than per unit of 
tissue water. 


One major value of Eq 5 is that calculation of KSj directly 
from free drug concentrations in plasma has been ration- 
alized as having intrinsic merit. Equation 1 is difficult to 
employ when plasma protein binding is nonlinear. For 
prednisolone (which exhibits marked concentration- 
dependent binding to transcortin and albumin in plasma) 
the model-independent calculation of V,, from plasma 
clearance ( C l )  and mean transit time (t): 


v,, = CWTBW (Eq. 6)  


yields dose and time-average values of Vss which vary with 
dose (11). Similar calculations can be made using free drug 
concentrations (C, ) and area-moment analysis (12) to 
yield: 


dose Lrn tCudt 


(K C dt ) ‘ T B W  
Ki; = = f u b - l  (Eq. 7) 


This approach served as the basis for comparing pred- 
nisolone pharmacokinetics in humans and rabbits. As 
shown in Fig. I, both species yielded K 5  values (time and 
dose average) which centered about 2 literdkg. Extending 
the interpretation using Eqs. 5 and 7, the average body 
binding of the corticosteroid would be -50%. 


A second demonstration of the use of Eqs. 2 and 5 for 
estimation of drug binding is shown in Table I. Oxaprozin 


’ While Kf,  has units  oflitersikg. it can he altered to a dimensimless number more 
equivalent to f u h - l  bv converting l)ody weight to  volume. Weight is retained here 
lor himplicitv. 
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0 - 
HUMANS RABBIT  


Figure 1 --Slcad3,-.statc, L'o/umc of distribution o f  u n  bound prrdniso/onr 
ca/c .u/nfcd according t o  Ey. 7 f o r  humrrm and rabbit. 


Table I-Protein Binding and Distribution Properties of 
Oxaprozin in Normal and Azotemic Subjects 


V.s\lTBW, f u p ,  K 8 ,  f u t ,  5% f u b ,  9'0 
Subjects litersikg 7;; literslkg Eq. 2" Eq. 5 


Normal 0.15 0.078 193 0.42 0.52 
(0.01) (0.003) (11) (0.03) (0.03) , .  


Renal impairment 0.18 '0.177' 103 '0.79' 1.03 
(0.01) (0.016) (13) (0.11) (0.12) 


Dialysis 0.21 0.283 79 1.05 1.43 
(0.02) (0.036) (13) (0.21) (0.25) 


Assumes V,  = extravascular water space (554 ml/kg) and V ,  = 46 ml/kg. 


pharmacokinetics and binding were examined in subjects 
with normal and impaired renal function2. Direct plasma 
protein binding studies showed altered binding in plasma 
in the azotemic patients. The values of f u t  and f u b  were 
estimated by the two equations. The proposed equation 
did not obscure the apparent occurrence of impaired tissue 
binding in azotemic patients. 


It is becoming common practice to calculate intrinsic 
clearance and the unbound volume of distribution directly 
from C,, wrsus  time data. It is helpful to be able to inter- 
pret the resultant value in terms of overall drug binding. 
The necessary assumption that  passive diffusion of un- 
bound drug accounts for equilibration between tissues is 
retained. These arguments for simplified calculation of Kb,  
however, should not preclude the application of more 
specific tissue binding models when based on appropriate 
experimental data. 
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Trace Decomposition of Choline 


Keyphrases 0 Choline-trace decomposition after exposure to high 
humidity or in unbuffered solutions Decomposition-trace, of choline 
after exposure to  high humidity or in unbuffered solutions 


To the Editor: 


Decomposition of pharmaceuticals to the extent of parts 
per thousand, or less, usually is considered negligible. Such 
trace decomposition cannot be ignored where it affects the 
acceptability of drug products, i . e . ,  where it is manifested 
as insoluble matter in an injection, as discoloration, or by 
odor formation. The origin of a characteristic fishy odor 
in oxtriphylline (choline theophyllinate) exposed to high 
humidity for protracted periods or in unbuffered solutions 
led to  the studies reported here. This odor, which is char- 
acteristic of many choline salts, can be attributed to trace 
decomposition; trace, because the presence of an odor has 
no measurable effect on physicochemical properties and 
decomposition, since quaternary ammonium salts are 
nonvolatile and would be expected to be odorless on that 
account. 


A decomposition study of choline, measuring intact 
quaternary ammonium function, showed that it proceeded 
very slowly in solution at  100". On heatiiig choline has been 
reported (1) to  yield 85-90% trimethylamine, 5% dimeth- 
ylamine, 25% ethylene glycol, 4% acetaldehyde, and 10- 
15% acetylene on a molar basis with excess concentrated 
potassium hydroxide. The nature of the neutral reaction 
products would be expected to vary with reaction condi- 
tions, but it was assumed in this study that trimethylamine 
would constitute the bulk of the basic products. Because 
the amounts of trimethylamine formed were extremely 
low, a method was developed using microdiffusion to iso- 
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literature are provided at  the end of each chapter. Some helpful hints but 
no answers are given, however. 


No doubt pharmacokineticists will differ with the author in some of 
her interpretations, but this should not be viewed as particularly unusual 
nor detrimental. No one, however, could argue with the avowed purpose 
of the book, which is “to bridge the gap between pure mathematical 
theory, at  the one extreme, and the indiscriminate application of simple 
standard models to data that they may not adequately describe, a t  the 
other.” To this end, the author has made a notable contribution. Re- 
searchers in pharmacology, toxicology, and drug metabolism will find 
it a valuable addition to their bookshelf. 


Reviewed by Howard B. Hucker 
Department of Drug Metabolism 
Merck Institute for Therapeutic Research 
West Point. P A  19486 


Psychotropic Drugs. Plasma Concentration and Clinical Response. 
Edited by GRAHAM D. BURROWS and TREVOR R. NORMAN. 
Dekker, 270 Madison Ave., New York, NY 10016.1981.528 pp. 15 X 
23 cm. Price $68.00 (20% higher outside the US. and Canada). 
This book is well written and highly readable, with an avowed purpose 


of presenting all evidence, pro and con, of the relationship between 
plasma concentrations and clinical response of psychotropic drugs. Never 
mind that we have to wait until Chapter 5 before the question is first 
addressed-the preceding chapters are useful summaries of the mecha- 
nism of action, methodology, and pharmacokinetics of tricyclic antide- 
pressants and antipsychotic agents. 


If this puts the reader in a mood to skip around before settling down 
to read the book straight through, then he or she may as well read the last 
chapter first-a perceptive overview of the subject by Hollister. His rather 
pessimistic estimation of the value of measuring plasma concentrations 
may disappoint some readers, but be sure to judge his reasons fairly before 
dismissing his conclusions. We learn, for example, that the rationale 
behind measurement of plasma concentrations of antianxiety drugs has 
been for pharmacokinetics and not for monitoring treatment. This is 
corroborated in the chapter on benzodiazepines. 


Perusal of the remaining chapters in this interesting book-on zime- 
lidine, lithium, antipsychotic agents, butyrophenones, sedatives, hyp- 
notics, and anticonvulsants-is revealing since, with only one exception, 
the various authors conclude that the relationships between plasma 
concentration and clinical response showed “no consensus,” were 
“questionable” or “futile,” or “correlate poorly” or that the measurements 
were “naive” or “uninformative.” The exception is, of course, lithium. 
This all might make one long for the simpler days of the sulfonamides 
and clear correlations between plasma concentrations, therapeutic re- 
sponse, and side effects. 


As minor criticisms of the book, this reviewer found Chapter 8 on 
chlorpromazine to be too exhaustive in its historical treatment and too 
vituperative in defense of the author’s own analytical method. In addition, 
separate chapters on zimelidine and pharmacokinetics of tricyclic anti- 
depressants and cerebrospinal fluid seem unnecessary.The terminology 


“plasma levels” also appears, which smacks of jargon, yet attempts to 
eliminate it will be a losing battle. 


The book, in general, will be valuable to pharmacologists, clinicians, 
drug metabolism scientists, and analytical chemists in this field. 


Reoiewed by Howard B. Hucker 
Merck Institute for Therapeutic 


West Point, PA 19486 
Research 


Adrenergic Activators and Inhibitors. Part 11. (Handbook of Ex- 
perimental Pharmacology, Vol. 54/11.) Edited by L. SZEKERES. 
Springer-Verlag, 44 Hartz Way, Secaucus, NJ 07094.1981.936 pp. 17 
X 25 cm. Price $224.20. 
This book is the second part of the latest volume in the well-known 


Handbook series and contains two sections and 14 chapters. The first 
section covers the effects of autonomic drugs on organ systems other than 
the nervous and cardiovascular systems. There are chapters on the res- 
piratory system, skeletal muscles, digestive system, endocrine glands, 
genitals, kidneys, urinary tract, eyes, and sweat glands. The second sec- 
tion covers kinetics, toxic effects, biotransformation, and clinical impli- 
cations. All types of adrenergic drugs are covered in great detail, including 
receptor agonists and blocking agents, indirect-acting agonists, false 
transmitters, and neuron-blocking agents. 


As expected, this handbook is well-referenced. The material presented 
is fairly up to date, with the latest references dating from 1978. There are 
more than 10,000 items in the author index and about 13,500 separate 
entries in the subject index. 


Each chapter includes some discussion of functional anatomy, location 
and classification of receptors, and general effects of the drug types of 
interest. Species variation in drug response are fully covered. In fact, some 
unusual and exotic species are included. For example, the apocrine sweat 
glands of the camel, the black rhinoceros, and the slow loris are de- 
scribed. 


It may be unfair to criticize the second part of a two-set volume without 
seeing the first part. However, there are some obvious deficiencies. For 
example, in the chapter on the respiratory system, there is an obvious 
error of calculation in a table showing the selectivity index for metapro- 
terenol. There is no mention of the effects of beta blockers on childbirth. 
In the chapter on the kidney, only receptor agonists and blocking agents 
are covered; the other types of adrenergic drugs are not considered. 
However, these minor deficiencies do not detract from the quality of this 
book. 


This volume is an invaluable resource for all researchers in pharma- 
cology and, together with Volume I, should be available to every serious 
student of pharmacology. 


Reoiewed by Raymond P. Ahlquist 
Department of Pharmacology 
Medical College of Georgia 
Augusta, GA 30902 
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Reversed-Phase High-pressure Liquid Chromatographic 
Determination of Serum Methotrexate and 
7 -H y dr oxy me t ho t rexat e 


ROBERT G. BUICEX and PARAMJEET SIDHU 
Received February 2,1981, from the College of Pharmacy, University af Tennessee Center for  the  Heal th  Sciences, Memphis ,  TN 
38163. Accepted for publication May 29, 1981. 


Abstract  0 A reversed-phase high-pressure liquid chromatographic 
method for determining methotrexate and 7-hydroxymethotrexate in 
human serum is presented. A mobile phase of acetate buffer (0.2 M ,  pH 
5.5 with 0.03 M ethylenediaminetetraacetate), methanol, and acetonitrile 
(85.3:8.4:6.3), passed through a pBondapak CIS column a t  1.5 ml/min 
produced excellent resolution of sharp, symmetrical hands. An improved 
extraction process, using a sample preparation cartridge, resulted in 
analytical recoveries in excess of 90% for methotrexate and 70% for 7- 
hydroxymethotrexate, permitting the determination of serum concen- 
trations of 2.20 and 2.13 X M ,  respectively, using only 200 fil of 
serum. UV detection a t  313 nm provided adequate sensitivity for each 
component. While the reproducibility for 7-hydroxymethotrexate was 
approximately equal to previous methods, that  for methotrexate was 
greatly improved. Serum methotrexate data a t  selected time points fol- 
lowing high dose methotrexate therapy are presented. 


Keyphrases 0 Methotrexate-reversed-phase high-pressure liquid 
chromatographic determination 7-Hydroxymethotrexate-re 
versed-phase high-pressure liquid chromatographic determination c] 
High-pressure liquid chromatography-determination of methotrexate 
and 7-hydroxymethotrexate. 


The effectiveness of high dose methotrexate therapy 
followed by leucovorin rescue was greatly enhanced by the 
observation that patients at  high risk of serious toxicity 
might be detected by monitoring serum methotrexate (I) 
concentrations (1). Numerous analytical methods of I have 
been reported, including a spectrophotofluorometric 
method (2), several radioimmunoassays (3-7), a compet- 
itive protein binding method (8), an enzyme inhibition 
method (9), and a ligand-binding procedure (10). While 
recent work (11,12) established the specificity of several 
such methods within certain concentration limits, poten- 
tial cross-reactivity with I metabolites still raises doubt 
about these and other similar assay methods. 


BACKGROUND 


The major potentially-interfering metabolite of I, 7-hydroxymetho- 
trexate (IV), has been reported in high concentrations in patient urine 
(13) and serum (14). Moreover, since the relatively low aqueous solubility 
of IV has caused some concern that this metabolite might he responsible 
for nephrotoxicity (13), it also should he monitored. More recently (ll), 
in high dose methotrexate patients, a minor metabolite, 2,4-diamino- 
10-methylpteroic acid (III), was detected in later (48 hr) serum samples 
in concentrations that might impede quantitation of low I concentra- 
tions. 


This potential cross-reactivity from metabolites, coupled with the 
possible need to quantitate certain metabolites, initiated the development 
of several high-pressure liquid chromatography (HPLC) methods 
(13-20). While these methods provide reasonable sensitivities, all require 
relatively large biological fluid samples (1-3 ml) and only one (19) reports 
an acceptable reproducibility for I (&3% at 


Moreover, most of these methods employ lengthy extractions with 
analytical recoveries varying from 40% (18) to 70% (15). Donehower et 
al. (11) used preparative HPLC and. reported a 90% recovery of I, al- 
though a large serum sample (3 ml) was required. Lankelma and Poppe 
(17) used on-column concentration and reported a 70.2% analytical re- 
covery of I, although again, a large serum sample (3 ml) was required. 
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Another study (15), included no internal standard, but reported a day- 
to-day variation as high as 13.4%. Finally, other reported HPLC chro- 
matograms (14, 16, 20) show poor resolution of I and IV. The present 
report describes an improved and relatively simple HPLC method for 
the quantitation of I and IV in the serum of patients receiving metho- 
trexate therapy. 


EXPERIMENTAL 


Materials and  Methods-Methanol and acetonitrile, used for the 
mobile phase, were HPLC grade solvents. Acetate buffer for the mobile 
phase was prepared using deionized water and reagent grade sodium 
acetate. All other chemicals were reagent grade. Analytical samples of 
I’, leucovorin calcium’ (II), III’, IV2, and the internal standard, N-[4- 
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Table I-HPLC Conditions and  Correlation Coefficients for  each Calibration Curve 


Concentration 
Range", 


Curve Sample Time, hr Pglml 
Internal Standard '), 


Reconstitution Volume 
Inject,ion Volume, 


a 
b 


2 


Curve Samule Time. hr 


10-100 
1-10 
1-10 


0.1-1 


Detector 
Sensitivitv 


100.0 200/80 
5.0 200140 
5.0 200/100 
0.5 1001s0 


Correlation 
Coefficients f S E M  


1 IV 


0.500 


0.010 


0.050 


0.005 


~ ~ ~~~ 


0.99993 
n = l  


0.98842 
I 1  = 1 


0.98794 f 0.00173 
n = 3  I1 = 3 


0.99392 f 0.00391 
n = 3  n = 3 


0.99372 f 0.00562 


0.99955 f 0.00032 


Molar concentration of I = (~ca/ml) X (2 .2  X molar concentration of IV = (pg/ml) X (2.13 X Prior to Sep Pak treatment, 200 P I  of this solution was added 
to each serum sample. 


[(2,4-diamino-6-quinazolinyl)methylamino] benzoyllaspartic acid? (V),  
were used as received. 


Blood samples were obtained from patients a t  selected time points (0, 
12, and 24 hr) following completion of 6-hr high dose methotrexate 
infusions (3500-5000 mg/m2). Although it was not possible to obtain a 
sample from every patient a t  each preselected time point, a total of five 
samples were obtained at postinfusion time (0 hr), 11 a t  12 hr, and six a t  
24 hr. Samples were centrifuged and the serum was stored a t  -5' until 
required for assay. 


Serum concentrations of I and IV were determined using an HPLC 
system equipped with a 30-cm X 4-mm i.d. reversed-phase column4. 
Separation was followed by UV absorbance detection a t  313 nm. A mobile 
phase consisting of buffer A (0.2 M acetate buffer, pH 5.5 with 0.03 M 
ethylenediaminetetraacetate), methanol, and acetonitrile (85.3:8.4:6.3) 
was passed through the column a t  a flow rate of 1.5 mllmin. Prior to 
analysis, the serum samples were processed by a reversed-phase sample 
preparation cartridge5. 


T o  each 200-4 serum sample was added 200 p1 of internal standard 
(Table I), 400 ~1 of tromethamine (0.01 M, pH 91, and 1 ml of water. This 
mixture was vortexed 60 sec and passed through a sample preparation 
cartridge which had been pretreated with 10 ml of methanol and 10 ml 
of buffer B (0.2 M acetate buffer, pH 5.5). The cartridge was then treated 
with an additional 5 ml of buffer B, 1 ml of 0.1 N NaOH, and another 1 
ml of buffer B. The cartridge was vacuum dried and the compounds of 
interest were eluted with 2 ml of methanol. The methanol was evaporated 
to dryness under nitrogen and the residue reconstituted in the mobile 
phase for injection. Analytical recoveries exceeded 90% for I and 70% for 
IV in the 


Four separate calibration curves were required to cover a concentration 
range of 2.20 X 10-7-2.20 X lo-* M. Conditions needed for each curve 
are presented in Table I. The large differences in I and IV concentrations 
in 0-hr samples required that each compound be determined from sep- 
arate 200-pl portions of serum (calibration curves a and b). All other I 
and IV concentrations (12 and 24 hr) were determined simultaneously 
on single 20O-pl serum samples. All samples were assayed in duplicate. 
Zero and 12-hr samples were quantitated using ratios of peak areas de- 
termined by a calculating integrator6. Ratios of peak heights were used 
to quantitate each compound in the 24-hr samples. Fresh calibration 
curves for I and IV were prepared daily in serum'. Correlation coefficients 
of these curves are presented in Table I. 


M concentration range. 


RESULTS 


Whilemost previous methods employed either methanol or acetonitrile 


Drug Synthesis and Chemistry Branch, Division of Cancer Treatment, National 
Cancer Institute, Bethesda, Md. 


Model U6K injector, Model 6000A solvent delivery system, pBondapak CIR 
column with guard column, and model 440 UV absorhance detector, Waters Asso- 
ciates, Milford, Mass. 


C18 Sep Pak cartridge, Waters Associates, Milford, Mass. 
Hewlett-Packard 3352B laboratory data system. 


as the organic portion of the mobile phase (11, 14, 15,20), the present 
system attained maximum resolution of I, IV, and internal standard by 
combining these solvents. A flow rate of 1.5 ml/min resulted in a sym- 
metrical hand for each compound. Faster flow rates produced slightly 
sharper bands but reduced resolution. Representative HPLC chro- 
matograms resulting from the quantitation of I and IV in 12- and 24-hr 
patient samples are presented in Fig. 1. Data from all sample determi- 
nations, together with percent deviations of duplicates, are presented 
in Table 11. 


Although metabolite I11 was previously reported in later (48 hr) sam- 
ples, none was detected in any samples of the present study. Moreover, 
injections of analytical samples clearly show that 111, due to its long re- 
tention time on this system (28.1 min), cannot interfere with the present 
assay. Ordinarily, no interference from Ii would be anticipated since 
rescue therapy is normally initiated 24-hr postinfusion (1). Furthermore, 
the retention of I1 on this system (4.3 min) was much shorter than either 
of the compounds of interest. 


As illustrated in Fig. 1, no interfering bands appeared in t,he serum 
blanks of 12-hr samples (calibration curve c). As anticipated, quantitation 
of samples containing higher concentrations of I and IV (calibration 


Table  11-Data Resulting from Duplicate Determinations of 
Each Serum Sample and Percent Difference 


I IV 
Duplicate Duplicate 


Determinations Percent Determinations Percent 
A B Difference A B Difference 


0 hr Molar Concentration x 104 
3.04 3.00 1 0.22 0.25 12 
2.89 2.97 3 0.32 0.35 9 
2.38 2.34 2 n.46 n.61 25 ~~ 


4.69 4.72 
3.26 3.28 


- .. ~- _... 


1 0.28 0.29 3 
1 0.31 0.34 9 


12 hr Molar Concentration x 106 
7.97 8.10 2 13.7 16.6 17 
3.78 3.78 0 4.8 4.6 6 .. 


6.93 6.86 1 15.8 18.7 16 
5.35 5.35 0 6.8 6.1 10 
2.02 2.22 9 3.9 4.2 7 
2.42 2.51 4 11.0 8.5 23 
2.49 2.49 0 7.1 1.2 1 
2.22 2.49 11 8.0 7.4 8 
7.74 8.10 4 21.3 20.7 3 
3.21 3.59 11 7.5 12.7 41 
8.10 8.18 1 9.2 9.4 2 


7.04 7.39 5 41.5 43.7 5 
24 hr Molar Concentration X 10: 


9.68 9.46 2 40.5 :?0.5 25 
1.09 1.08 1 30.2 21.7 28 
4.62 4.18 10 24.3 23.0 5 
9.68 9.90 2 31.1 26.2 16 
2.64 2.64 0 20.9 19.0 9 
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Figure I-Representative HPLC chromatograms of curve d serum 
blank ( I ) ,  curve d calibration sample (2), 24-hr patient serum sample 
containing I (9 68 X M) and IV (5.26 X M) (3), curve c serum 
blank (4), curve c calibration sample (5), and 12-hr patient serum 
sample containing I(2.42 X M) and IV (1.75 X ZO-5 M) (6). 


curves a and b) involved no interference from serum. Several low con- 
centration (10-7-10-6 M )  samples, while showing no serum interference 
with I, did reveal a minute serum band slightly overlapping IV. Since the 
overlap was extremely slight, contribution to the peak height of IV was 
considered insignificant (Fig. 1). 


Attempts to quantitate 24-hr serum samples using ratios of peak areas 
consistently resulted in poor reproducibility for I and IV. This appears 
to be characteristic of this calculating integrator in the absence of a 
completely horizontal baseline. Therefore, all 24-hr samples were 
quantitated using ratios of peak heights. Patient serum concentration 
data (mean &SD) determined by this method are presented in Fig. 2. 


The reproducibility of the method and the durability of the sample 
preparation cartridge were simultaneously evaluated by conducting 
multiple determinations on a single, spiked serum sample M I) 
using the same cartridge. In duplicate studies, the first six consecutive 
determinations consistently produced a coefficient of variation which 
was less than 3%, although over the six repetitions all peak heights were 
reduced -lOW, suggesting a slightly declining cartridge efficiency. 
However, in the present study all patient samples were assayed in du- 
plicate with each repetition using a new cartridge. No cartridge was 
reused. 


DISCUSSION 


The described method separates all three compounds of interest and 
produces sharp, symmetrical bands. UV detection a t  313 nm, instead of 
at  254 nm, results in a twofold increase in assay sensitivity to IV, while 
sensitivity to I is approximately equal a t  either wavelength. This is con- 
sistent with previous reports (14,20). 


The high extraction efficiency resulting from this sample preparation 
procedure permitted the quantitation of serum I and IV concentrations 
as low as 2.20 and 2.13 X M ,  respectively, using only 200 pl of serum. 
Previously reported methods require 1 ml of serum or more. These data 
suggest that the present method is readily adaptable to small animal 
pharmacokinetic studies. Moreover, the small volume of serum required 
makes the method highly useful in patient pharmacokinetic studies that 
require large numbers of data points, often from patients who are 
weakened by disease. 


Data presented in Table I1 show excellent reproducibility for I, al- 
though that for IV shows no improvement over previously reported work. 
This is further evidenced by the calibration curve correlation coefficients 
given in Table I. The small contaminant which slightly overlapped the 
IV band in a few M patient samples did not appear to influence re- 
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Figure 2-Serum I t 0 1  and IV  (0)  concentrations (mean &SD) at se- 
lected time points lollowing initiation of 6-hr high dose infusions 
(3500-5000 mglm2). 


producibility, suggesting that reproducibility differences in I and IV 
result from the extraction process. 


This procedure results in only minimal column stress since -800 in- 
jections of serum extracts may be made before the column begins to de- 
generate. Since a sample preparation cartridge can be used up to four 
times with no significant difference in assay results, the expense of this 
extraction is relatively small. 
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Abstract  A physical model describing the simultaneous diffusion of 
free solute and micelle-solubilized solute across the aqueous boundary 
layer, coupled with partitioning and diffusion of free solute through a 
lipoidal membrane, is derived, In uitro experiments utilizing progesterone 
and polysorbate 80 showed excellent agreement between theoretical 
predictions based on independently determined parameters and exper- 
imental results. The physical model predicts that micelles can assist the 
transport of solubilized solute across the aqueous diffusion layer, resulting 
in a higher solute concentration at  the membrane surface than would be 
predicted if micelle diffusion is neglected. At high surfactant concen- 
trations, the aqueous diffusion layer resistance can be eliminated and 
the activity of the solute a t  the membrane can approach the bulk solute 
activity. This mechanism could explain observed enhanced absorption 
rates in uiuo when both micelle solubilization occurs and the aqueous 
diffusion layer is an important transport barrier. The importance of de- 
termining and defining the thermodynamic activity of the diffusing solute 
is emphasized. 


Keyphrase 0 Diffusion-transport of micelle-solubilized solutes, the- 
oretical and experimental Solutes-micelle solubilized, transport, 
theoretical and experimental 0 Micelles-theoretical and experimental 
transport, solutes 


The effects of micelle solubilization on the solubility and 
intestinal absorption of nonpolar solutes are well docu- 
mented (1-8). Investigations have been performed to de- 
lineate the role of surfactants in diffusional transport. As 
a result of these studies, it is clear that several factors must 
be considered, such as the thermodynamic activity of the 
solute, diffusivities of the free solute and micelles, mem- 
brane permeability, and the importance of the aqueous 
diffusion layer in determining the overall transport rate. 


BACKGROUND 


In a diffusional process (e.g., intestinal absorption), a difference in the 
thermodynamic activity determines the direction of and driving force 
for the net transport of mass. Therefore, when micelle solubilization 
occurs and the thermodynamic activity of solute is lowered, a decreased 
diffusional rate is expected. On this basis, decreased absorption rates of 
salicylic acid in the presence of polysorbate 60 from rat intestinal seg- 
ments were explained (1). 


However there are numerous examples of increased absorption rates 
in uiuo when solubilizing agents are present (2 ,3) .  For example, the serum 
blood levels of indoxole when administered in a polysorbate 80 solution 
to humans were three to four times higher than comparable doses with 
an aqueous suspension or hard capsule (4). It was shown (5,6), however, 
that membrane permeabilities may change in the presence of surfactant, 
possibly resulting in a net increase in the absorption rate even with a 
decreased thermodynamic activity of solute in bulk aqueous solution. 


Another reason for enhanced absorption in the presence of solubilizing 
agents is associated with the diffusion of solute in the aqueous phase ( i s . ,  
within the aqueous diffusion layer). Westergaard and Dietschy (7) 
pointed out that, in addition to the importance of bulk solute concen- 
tration and membrane permeability in determining absorption rates, the 
aqueous boundary layer is an important barrier to transport in uiuo and 
should be evaluated. They concluded that the apparent functions of the 
micelle were to overcome the diffusion layer resistance in uiuo and to 
deliver a maximum solute concentration to the membrane surface. It was 
also suggested (8) that the diffusion coefficient of the free solute-micelle 
complex is important in quantitatively assessing absorption in the 
presence of micelles. 


Thus, it is clear that  an evaluation of the aqueous diffusion layer and 
the physicochemical events occurring within it is necessary in the de- 
velopment of a realistic physical model. Furthermore, micellar diffusion, 
membrane permeation, and the thermodynamic activity of the solute in 
the surfactant solution need to be included in any complete analysis. This 
report presents a comprehensive physical model incorporating all of the 
principles just discussed. In uitro experiments along with independent 
determinations of all physicochemical parameters defined in the physical 
model were carried out utilizing progesterone and the nonionic surfactant 
polysorbate 80. Therefore, theoretical predictions based on independent 
estimates of the important parameters and experimentally determined 
fluxes can be compared. 


The physical model is defined for two hydrodynamic conditions: the 


k H l + H m  * H * d  
0-x 


I 
Scheme I-Schematic diagram of the physical model. Key: HI, donor 
side aqueous diffusion layer thickness; H,, semipermeable membrane 
thickness; Hz, receiver side diffusion layer thickness; and k*, micelle- 


free solute equilibrium distribution coefficient. 


~~ 
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Abstract o Molephantinin, a germacranolide, has previously been shown 
to possess antineoplastic activity in rodents. The principle effect of 
molephantinin on Ehrlich ascites carcinoma cells was to depress DNA 
and protein synthesis both in uiuo and in uitro. DNA synthesis was in- 
hibited a t  the following sites: DNA polymerase, purine synthesis spe- 
cifically a t  inosinic acid dehydrogenase and to a lesser degree a t  dihy- 
drofolate reductase, Pyrimidine synthesis a t  orotidine monophosphate 
decarboxylase, thymidine kinase, histone phosphorylation, and oxidative 
phosphorylation processes. The protein synthesis inhibition pattern 
resembled more an initiation inhibitor as opposed to an elongation in- 
hibitor. 


Keyphrases Molephantinin-effects on nucleic acid and protein 
synthesis of Ehrlich ascites cells 0 Antitumor agents-effects of mole- 
phantinin on nucleic acid and protein synthesis of Ehrlich ascites cells 
0 DNA-synthesis. effects of molephantinin, Ehrlich ascites cells 0 
RNA-synthesis, effects of molephantinin, Ehrlich ascites cells 0 Protein 
synthesis-effects of molephantinin, Ehrlich ascites cells 


Molephantinin (I), a germacranolide, was originally 
isolated from the winter collection of Elephantopus mollis, 
a member of the herbal Compositae family. Subsequently, 
molephantinin was shown to be active against Walker 256 
carcinosarcoma growth in rats a t  2.5 mg/kg/day resulting 
in a T/C% = 397 (1,2). Further studies demonstrated that 
the agent was also active against P-388 lymphocytic leu- 
kemia and Ehrlich ascites cell growth (3). I n  uitro DNA 
polymerase activity and oxidative phosphorylation pro- 
cesses were reported to be inhibited by molephantinin at 
a relatively high concentration (3). At this time a more 
detailed examination of the effects of molephantinin on 
Ehrlich ascites tumor cell metabolism is reported. 


EXPERIMENTAL 


I n  uitro incorporation of [3H]thymidine, [3H]uridine, or [3H]leucine 
was determined using lo6 Ehrlich ascites cells, 1 pCi of labeled precursor, 
minimum essential medium, and varying final concentrations of drug 
from 0.125-2.0 mM (4). The tubes were incubated a t  37' for 60 min and 
inactivated by trichloroacetic acid. The insoluble acid, labeled DNA, was 
collected on glass filter discs', and RNA and protein were precipitated 
on nitrocellulose filters2 by vacuum suction. Results are expressed as 
disintegrations per minute of incorporated precursor/hr/106 cells. For 
i n  uitro studies, cells were collected on Day 10 and the drug was incubated 
a t  1.38 mM. 


Ehrlich ascites cells (lo6) were injected intraperitoneally into CFI male 
mice (-22 g) on day 0. On Days 7, 8, and 9, molephantinin (12.5 mg/ 
kg/day, ip in 0.05% polysorbate 80-water) was injected. Incorporation 
of thymidine into DNA was determined by the method of Chae et al. (5). 
One hour prior to the animal sacrifice on Day 10, 10 pCi, ip of [6-3H]- 
thymidine (21.5 Ci/mmole) was injected. The DNA was isolated and the 
tritium content was determined in a toluene based scintillation fluid3. 
The DNA concentration was determined by the diphenylamine reaction 


Whatman GF/F. 


Fisher Scintiverse. 
2 Millipore. 


I 


using calf thymus DNA as a standard. Uridine incorporation into RNA 
was determined using 10 pCi of [5,6-3H]uridine (22.4 Ci/mmole). RNA 
was extracted by the method of Wilson et al. (6). Using yeast RNA as a 
standard, the RNA content was assayed by the orcinol reaction. Leucine 
incorporation into protein was determined by the method of Sartorelli 
(7) using 10 pCi of [4,5-3H]leucine (52.2 Ci/mmole). Extracted protein 
was determined by the Lowry procedure (8) using bovine albumin as a 
standard. I n  uitro and in uiuo nuclear DNA polymerase activity was 
determined on isolated Ehrlich ascites cell nuclei (9). The incubation was 
that described by Sawada e t  al. (10) except that [methyl-:lH]deoxythy- 
midine triphosphate (82.4 Ci/mmole) was used. The acid insoluble nucleic 
acid was collected on filters' and counted. 


Nuclear RNA polymerase activities were determined on enzymes 
isolated from nuclei (9). Messenger, ribosomal, and transfer RNA poly- 
merases were isolated using 0.3,0.04, and 0.0 M concentrations of am- 
monium sulfate in magnesium chloride, respectively. The incubation 
medium was that of Anderson et al. (11) using [3H]uridine triphosphate 
(23.2 Ci/mmole). The acid insoluble RNA was collected on nitrocellulose 
filters and counted. 


Deoxythymidine as well as deoxythymidylate monophosphate and 
diphosphate kinase activities were measured spectrophotometrically at  
340 nm a t  20 min using reduced nadide (0.1 pmole) (12). [6-"H]Thymidine 
(21.5 Ci/mmole) incorporation into the nucleotides was also measured 
using the reaction medium of Maley and Ochoa (12) and then plating the 
ether extracted reaction medium on polyethyleneiminecellulose plates. 
The plates were eluted with 0.5 N formic acid-0.6 N LiCl (1:l). After 
identifying Rf values consistent with the standards, thymidine, thymi- 
dylate monophosphate, thymidylate diphosphate, and thymidylate tri- 
phosphate, the areas on the plates were scraped and counted. Carbamyl 
phosphate synthetase activity was determined using the reaction medium 
of Kalman e t  al. (13) in the presence of ornithine and the enzyme orni- 
thine transcarbamylase. Citrulline formed from ornithine was measured 
at 490 nm by the method of Archibald (14). Aspartate transcarbamylase 
activity was assayed using the incubation medium of K-lman et al  (13). 
The colorimetric determination of carbamyl aspartate was conducted 
by the procedure of Koritz and Cohen (15). Orotidine monophosphate 
decarboxylase activity was assayed by the method of Appel (16) using 
0.1 pCi of [14C]orotidine monophosphate (34.9 mCi/mmole). The [14C]- 
carbon dioxide generated in 15 min was trapped in 1 M methanolic base4 
and counted. Thymidylate synthetase activity was determined using a 
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Table I-The In Vitro Effects of Molephantinin at 1.38 mM 
Concentration on Ehrlich Ascites Cell Metabolism 


Biochemical Parameter or 
Enzyme (n  = 6) 


DNA polymerase 
Messenger RNA polymerase 
Ribosomal RNA polymerase 
Transfer RNA polymerase 
Ribonucleotide reductase 
[14C]Formic acid incorporation into . .  


purines 
Phosphoribosyl pyrophosphate amido 


transferase 
Inosinic acid dehydrogenase 
Dihydrofolate reductase 
Carbamyl phosphate synthetase 
Aspartate transcarbamylase 
Orotidine monophosphate 


decarboxylase 
Thymidylate synthetase 
Thymidine kinase 
Thymidine monophosphate kinase 
Thymidine diphosphate kinase 
Oxidative Phosphorylation Processes 
Substrates: 


Succinate: State 4 respiration 
State 3 respiration 


a-Ketoglutarate: State 4 respiration 
State 3 remiration 


%Control 
Control Treated 
x f S D  x f S D  


100 f 14 
100 f 13 
1 0 0 f  6 
100 f 10 
1 0 0 f  8 
1 0 0 f  7 


100 f 11 


1 0 0 f  6 
100% 9 
100 f 10 
100 f 12 
1 0 0 f  9 


100 f 13 
100f 9 
1 0 0 f  8 
100 f 12 


5 5 f  9" 
108 f 11 
74% 7" 


128 f 12b 
101 f 15 
7 0 f  9" 


77 f 1 o c  


4 3 f  4" 
99 f 12 


104 f 10 
a a f  9 
2 0 4  3" 


9 2 f  8 
6 5 f  6" 
1 8 f  4" 
7 3 f  76 


100% 7 6 4 f  9" 
1 0 0 f  4 7 5 f  8" 
1 0 0 f  5 6 9 f  8" 
1 0 0 f  6 6 7 f  9" 


postmitochondrial supernate (9OOOXg for 10 min) and 5 pCi of [5-"H]- 
deoxyuridine monophosphate (14 Ci/mmole) according to the method 
of Kampf et al. (17). [14C]Formate incorporation into purines was de- 
termined by the method of Spassova et al. (181, using 0.5 pCi of [14C]- 
formic acid (52.0 mCi/mmole). Purines were separated on silica gel TLC 
plates eluted with n-butanol-acetic acid-water (4:1:5). After identifying 
R f  values consistent with the standards, adenine and guanine, the plates 
were scraped and the radioactive content determined. Phosphoribosyl- 
1-pyrophosphate amidotransferase activity was determined on a super- 
natant fraction (600Xg for 10 min) measuring the reduction of 0.6 pmole 
of nadide a t  340 nm for 30 min (19). Inosinic acid dehydrogenase activity 
was determined spectrophotometrically a t  340 nm for 30 min using a 
supernatant fraction (600Xg for 10 rnin). The assay medium was that of 
Magasanik (20) which contained nadide. Dihydrofolate reductase activity 
was determined at  340 nm for 30 min as the oxidation of reduced nadide 
phosphate (21). Ribonucleotide reductase activity was determined by 
the method of Moore and Hurlbert (22) using [5-3H]cytidine-5-diphos- 
phate (25 Ci/mmole). Ribose and deoxyribose nucleotide were separated 
on polyethyleneiminecellulose plastic precoated plates eluted with 4% 
boric acid-4 M LiCl(4:3) and scraped a t  the R1 values consistent with 
the standard deoxycytidine diphosphate. In uivo phosphorylation of 
histones was determined by injecting 10 pCi of [y3zP]adenosine tri- 
phosphate (30.0 Ci/mmole) into mice 1 hr prior to sacrifice. The nuclei 
were isolated (9), and the histone chromatin protein was extracted by the 
method of Raineri et a / .  (23). In  uitro nonhistone protein phosphoryl- 
ation, dependent on nuclear protein kinase, was determined using 2 nM 
of [y-32P]adenosine triphosphate (30.0 Ci/mmole) and isolated nuclei 
chromatin protein was collected on nitrocellulose filters (24). Cyclic 
3',5'-adenosine monophosphate levels were determined by the radioim- 
munoassay method of Gilman (25) using a commercial kit. An in uitro 
method was used-to determine if the drug was an initiation or an elon- 
gation protein synthesis inhibitor by comparing with known standards, 
pyrocatechol violet and emetine, using 1 pCi of ["Hlleucine (52.2 Ci/ 
mmole) incubated at  37O for 14 min. Aliquots of the reaction medium 
were spotted on filter paper5, chemically extracted, and counted (4). 


In uitro oxidative phosphorylation studies (26) were conducted on 
Ehrlich ascites cells using the substrates, a-ketoglutarate, or succinate. 
Basal oxygen consumption (State 4) was determined with an oxygen 
electrode connected to an oxygraph. The adenosine diphosphate was 
added to obtain State 3, or adenine diphosphate stimulated respiration. 
The number of microliters of oxygen consumed per hour per milligram 
of protein for States 3 and 4 was calculated. Protein was determined by 
the Lowry technique (8). 


5 Whatman No. 3 


Table 11-The In Vivo Effects of Molephantinin at 12.5 mg/kg/ 
day on Ehrlich Ascites Cell Metabolism 


Biochemical Parameters or 
Enzymes (n  = 6) 


Thymidine incorporation into DNA 
Uridine incorporation into RNA 
Leucine incorporation into protein 


DNA polymerase 
Messenger RNA polymerase 
Ribosomal RNA polymerase 
Transfer RNA polymerase 
Ribonucleotide reductase 
[14C]Formic acid incorporation into 


Phosphoribosyl pyrophosphate amido 


Inosinic acid dehydrogenase 
Dihydrofolate reductase 
Carbamyl phosphate synthetase 
Aspartate transcarbamylase 
Orotidine monophosphate 


decarboxylase 
Thymidylate synthetase 
Thymidine kinase 


purines 


transferase 


Cyclic adenosine mono hosphate levels 
Number of tumor cellsLer milliliter of 


ascites fluid 


Control 
x f S D  


1 0 0 f  8 
100 f 12 
100 f 13 
100f  6 
100 f 12 
1 0 0 f  8 
100f  9 
1 0 0 f  8 
100 f 12 


1 0 0 f  9 


100 f 10 
100 f ii 
100 f 10 
100% 9 
100 f 10 


100% 9 
100% 9 
1 0 0 f  9 
1 0 0 f  7 
100 f 15 
100 f 13 
100 f 10 
1 0 0 f  6 


Treated 
x f S D  


19% 3" 
80 f 12 
5 6 f  8" 
3 8 4  4" 
90 f 10 
7 0 f  6" 
6 3 f  4" 
9 0 f  9 
1 9 f  2" 


87% 5b 


2 6 f  7" 
67 f 8" 
9 6 f  9 
83% 8" 
2 9 f  3" 


108 f 10 
6 3 f  7" 
3 6 f  6" 
8 4 f  8" 
36i 8 O  
81 i l i b  


155 f 14" 
2 4 f  3" 


p z 0.001. p 5 0.005. 


Probable ( p )  significant differences were determined by the Student 
t test. Data are expressed in Tables I and I1 as percent of control with 
standard deviations; n is the number of animals per group. 


RESULTS 


The in uitro effects of molephantinin a t  1.38 mM concentration are 
presented in Table I and the in uiuo effects a t  12.5 mg/kg/day are pre- 
sented in Table 11. 


In uitro studies for the incorporation of labeled precursors into DNA, 
RNA, and protein revealed that all three were inhibited in the presence 
of molephantinin (Fig. 1). Thymidine incorporation into DNA was in- 
hibited significantly with an IDSO % 1.22 mM. I t  may be noted that a t  the 
concentration that caused 50% inhibition of DNA synthesis, RNA syn- 
thesis was inhibited 30% and protein was inhibited 20% at 1.22 mM. The 
in uiuo incorporation of thymidine incorporation into DNA was inhibited 
81% after dosing for 3 days (Table 11). The RNA synthesis was only in- 
hibited 12%, whereas in uiuo protein synthesis was inhibited 44% after 
3 days dosing. The control value for thymidine incorporation was 107,533 
dpm/mg of DNA, uridine incorporation was 51,192 dpm/mg of RNA, and 
leucine incorporation into protein was 19,181 dpm/mg of isolated pro- 
tein. 


Nuclear DNA polymerase activity for the control was 76,528 dpm/ 
hr/mg of nucleoprotein which was suppressed in vitro 45% by drug 
presence (Table I)  a t  1.38 mM, and in uiuo 62% (Table 11) by 3-day ad- 
ministration of drug a t  12.5 mg/kg/day. Messenger RNA polymerase 
activity for the control was 4867 dpm/hr/mg of protein, ribosomal RNA 
polymerase was 8751 dpm/hr/mg of protein, and transfer RNA poly- 
merase activity was 10,792 dpm/mg of protein. Molephantinin caused 
little effect on messenger RNA polymerase activity either in uitro or after 
in uivo administration. However, ribosomal RNA polymerase activity 
was inhibited 26% in uitro in the presence of drug and 30% after in uiuo 
administration of the drug. The transfer RNA polymerase activity was 
slightly elevated in both in vitro and in  viuo studies. 


Ribonucleotide reductase activity for the control was 153,791 dpm/mg 
of protein which was not affected by molephantinin administration. 
[l4CC]Formate incorporation into purines for the control cells was 28,786 
dpm/mg of protein which was suppressed 30% in the in uitro study and 
81% after in uivo administration. Phosphoribosyl-pyrophosphate amido 
transferase activity for the control 10-day Ehrlich ascites cells was ob- 
served as an increase of 1.223 optical density unit/hr/mg of protein. In 
uitro presence of drug caused a 23% reduction while in uiuo administra- 
tion demonstrated only 13% reduction of enzyme activity. Inosinic acid 
dehydrogenase activity for the control was 0.358 optical density unit/ 
hr/mg of protein. In uitro presence of drug caused 56% inhibition and in 
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Figure %-Effect of pyrocatechol uiolet, emetine, and molephantinin 
on the protein synthesis of Ehrlich ascites homogenates using endoge- 
nous messenger RNA. Key: @, control; A, molephantinin (10,100 and 
1000 pM); ., pyrocatechol uiolet (100 pM); 0,  emetine (100 pM). 


orotidine monophosphate decarboxylase, inosinic acid dehydrogenase, 
and thymidylate monophosphate kinase. These studies demonstrated 
that key enzymes in both the purine and pyrimidine pathways were 
markedly inhibited by molephantinin both in uitro and in uiuo. The 
observed reduction in the level of either purine or pyrimidine nucleosides 
would account for the degree of reduction of labeled thymidine incor- 
poration into DNA observed after administration of molephantinin. The 
germacronolides, eupaformosanin (27) and eupahyssopin (28), as well 
as the sesquiterpene lactones, helenalin and tenulin (29), have previously 
been shown to inhibit DNA polymerase activity, and thus, DNA synthesis 
in Ehrlich ascites cells. Eupaformosanin has been observed to reduce 
purine synthesis significantly (30). Supposedly, the moiety responsible 
for this inhibition is the O=CC=CH2 system which exists both as an 
a-methylene-y-lactone and as a C-8 ester side chain in molephantinin. 
The a-methylene-y-lactone can undergo a rapid Michaelis-type addition 
with biological nucleophiles, e.g., sulfhydryl, amino, and carboxyl group 
(29,30), and has been shown to play a significant role in antineoplastic 
activity of sesquiterpene lactones. 


Moderate reduction of other enzymes was observed after in uiuo ad- 
ministration of molephantinin (e.g., ribosomal RNA polymerase, dihy- 
drofolate reductase, and thymidine kinase). In uitro administration of 
molephantinin resulted in a significant reduction in thymidylate di- 
phosphate and triphosphate levels and an accumulation of thymidine. 
Inhibition of the phosphorylation of histone of the chromosomes was also 
observed. Inhibition of phosphorous 32 incorporation into histones has 
been demonstrated by eupaphyssopin, eupaformosanin, and helenalin 
(27-29). Supposedly, phosphorylation of histones helps to regulate cel- 
lular proliferation (31). Energy for this process is supplied by the mito- 
chondrial oxidative phosphorylation process. As can be seen, mole- 
phantinin suppressed basal respiration and adenosine diphosphate 
stimulated respiration, thus reducing available energy sources. Prelim- 
inary studies have indicated molephantinin is an initiation inhibitor of 
protein synthesis in Ehrlich ascites cells. Formation of the initiation 
complex requires initiation factors which possess an exposed sulfhydryl 
group which may be alkylated by molephantinin’s functional moieties. 
There appears to  be a positive correlation between protein synthesis 
inhibitors and reduction of oxidative phosphorylation (32). 


Molephantinin appears to be one of the more potent germacranolides 
and is more active than the sesquiterpene lactone, helenalin (27-29). 
Molephantinin has been shown t o  have a similar mode of action on the 
Ehrlich ascites cells as other germacranolides and sesquiterpene lac- 
tones. 
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Figure 1-The in vitro effects of molephantinin on nucleic acid and 
protein synthesis. Key: @, [3H]thymidine - DNA; A, [3Hluridine - 
RNA; m, [3H]leucine - protein. 


ULUO administration of drug resulted in 74% reduction of dehydrogenase 
activity. Dihydrofolate reductase activity for 10-day Ehrlich ascites cells 
was 0.514 optical density unit/hr/mg of protein which was unaffected by 
drug in the in uitro studies but was suppressed 33% by 3-day dosing. 


Carbamyl phosphate synthetase activity for the control was 0.128 mg 
of carbamyl phosphate formed/hr/mg of protein. Aspartate carbamyl 
transferase activity for Day-10 Ehrlich ascites cells was 7.526 mg of car- 
bamyl aspartate formed/hr/mg of protein. Neither of these enzymatic 
activities was suppressed significantly by molephantinin. Orotidine 
monophosphate decarboxylase activity for the control was 10,775 dpm 
of [‘*C] carbon dioxide regenerated in 15 min/mg of protein. In the in uitro 
studies, there was an 80% reduction in the enzymatic activity, while in 
the in uiuo studies there was a 71% reduction of the decarboxylase ac- 
tivity. Thymidylate synthetase activity for the control was 103,328 
dpm/mg of protein which was not affected by molephantinin presence. 
Thymidine kinase activity for the control was 0.531 optical density 
unit/hr/mg of protein, which was reduced 35% in the in uitro studies and 
37% in the in uiuo studies. Thymidylate monophosphate kinase for the 
control was 0.305 optical density unit/hr/mg of protein which was sup- 
pressed 64% by the in uitro administration of molephantinin. Thymi- 
dylate diphosphate kinase activity in 10-day Ehrlich ascites cells was 
0.238 optical density unit/hr/mg of protein which was reduced 16 and 27% 
in the in uitro and in uiuo studies, respectively. The labeled nucleotide 
pool levels demonstrated a 54% reduction in the pool level of thymidylate 
diphosphate and a 58% reduction in thymidylate triphosphate level after 
1-hr incubation with drug in uitro. 


The basal respiration (State 4) of Day-10 Ehrlich ascites tumor cells 
with succinate as substrate was 5.273 p1 of oxygen consumed/hr/mg of 
protein, while the adenosine diphosphate stimulate respiration (State 
3) was 8.752 pl of oxygen consumed/hr/mg of protein. Molephantinin 
inhibited in uitro State 4 respiration by 36% and State 3 respiration by 
25%. Using a-ketoglutarate as substrate resulted in a State 4 respiration 
of 3.569 pl of oxygen consumed/hr/mg of protein and in a State 3 respi- 
ration of 5.156 pl of oxygen consumed/hr/mg of protein. Molephantinin 
inhibited in uitro State 4 respiration 31% and State 3 respiration 33%. 


Histone phosphorylation of chromatin protein for the control was at  
a rate of 3650 dpm/mg of isolated chromatin protein which was inhibited 
64% by molephantinin administration for 3 days. Nonhistone chromatin 
phosphorylation for the control was 28,593 dpm/mg of chromatin protein 
isolation which was reduced 19% by molephantinin administration. Cyclic 
adenosine monophosphate levels for 10-day Ehrlich ascites cells was 3.65 
pmole/106 cells. Drug administration for 3 days caused a 17% elevation 
of cyclic adenosine monophosphate levels of Ehrlich ascites rells. Mole- 
phantinin was shown to be a mild initiation inhibitor of protein synthesis 
(Fig. 2), which compared favorably to pyrocatechol violet, an initiation 
inhibitor, rather than to  emetine, an elongation inhibitor. 


DISCUSSION 


Molephantinin administration a t  12.5 mg/kg/day for 3 days signifi- 
cantly reduced DNA synthesis in Ehrlich ascites cells. The major sites 
of DNA synthesis inhibition appeared to occur at  DNA polymerase, 
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Abstract As part of ongoing studies of the medicinal aspects of Mar- 
itime flora, particularly the herbal remedies of the Micmac and Malecite 
Indians, the sterols and triterpenes of Achillea millefolium L. (Com- 
positae), a widely used herbal remedy known commonly as yarrow, were 
determined. Using modern techniques, including nuclear magnetic res- 
onance spectroscopy and combined GC-mass spectrometry, /3-sitosterol 
was identified as the major sterol and a-amyrin as the major triterpene 
of this plant. The sterols stigmasterol, campesterol, and cholesterol and 
the triterpenes 6-amyrin, taraxasterol, and pseudotaraxasterol were also 
identified. Successful therapeutic application of yarrow may be partly 
due to the presence of one or more of these compounds since many sterols 
and triterpenes exhibit a wide range of pharmacological activities. This 
is the first reported occurrence of cholesterol, campesterol, and the four 
triterpenes in yarrow. 


Keyphrases Achillea millefolium L.-herbal remedies, extraction 
of triterpenes and sterols Triterpenes-extraction from Achillea 
millefolium L., herbal remedies, sterols 0 Sterols-extraction from 
Achillea millefolium L., herbal remedies, triterpenes 


Since the Trojan war (-1200 BC), Achillea millefolium 
L. has been used extensively by many cultures on different 
continents as a herbal remedy for various afflictions (1). 
While conducting studies on the medicinal aspects of the 
Maritime flora, particularly the herbal remedies of the 
Micmac and Malecite Indians (2,3), it was observed that 
although A. millefolium (yarrow) had been widely used 


and extensively studied (l), very little had been reported 
regarding its sterols and triterpenes. 


Some early articles and various screening papers have 
reported sterols, triterpenes (3-5), and saponins (6, 7) 
present in yarrow, although at  least one paper stated that 
the plant contained no steroids (8). Only two authors have 
previously attempted to determine the nature of the sterols 
and triterpenes present in this plant. One of those authors 
documented the presence of stigmasterol and a sitosterol 
(9), while another reported the presence of P-sitosterol, its 
acetate, a phytol, and a diol(10). 


Therefore, the examination of yarrow for the presence 
and nature of these compounds is described. 


EXPERIMENTAL 


Collection and Extraction-The aerial parts of A. millefolium were 
collected during the flowering stage from an open field near Scots Bay, 
Kings Co., Nova Scotia in September, 1979l. The plant material was dried 
in a forced-air oven a t  60" and ground in a Wiley mill to a coarse powder 
(0.5 cm). This material (2.09 kg) was placed in a stainless steel tank and 


~~ 


'The plant material utilized in this investigation was identified as Achillea 
rnillefooliurn (L.) (Compositae) by Dr. M. J. Harvey, Department of Biology, Dal- 
housie University. Herbarium samples (Number 79-03) representing material 
collected for this investigation are available for inspection at the College of Phar- 
macy, Dalhousie University. 
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Figure 1 --Slcad3,-.statc, L'o/umc of distribution o f  u n  bound prrdniso/onr 
ca/c .u/nfcd according t o  Ey. 7 f o r  humrrm and rabbit. 


Table I-Protein Binding and Distribution Properties of 
Oxaprozin in Normal and Azotemic Subjects 


V.s\lTBW, f u p ,  K 8 ,  f u t ,  5% f u b ,  9'0 
Subjects litersikg 7;; literslkg Eq. 2" Eq. 5 


Normal 0.15 0.078 193 0.42 0.52 
(0.01) (0.003) (11) (0.03) (0.03) , .  


Renal impairment 0.18 '0.177' 103 '0.79' 1.03 
(0.01) (0.016) (13) (0.11) (0.12) 


Dialysis 0.21 0.283 79 1.05 1.43 
(0.02) (0.036) (13) (0.21) (0.25) 


Assumes V,  = extravascular water space (554 ml/kg) and V ,  = 46 ml/kg. 


pharmacokinetics and binding were examined in subjects 
with normal and impaired renal function2. Direct plasma 
protein binding studies showed altered binding in plasma 
in the azotemic patients. The values of f u t  and f u b  were 
estimated by the two equations. The proposed equation 
did not obscure the apparent occurrence of impaired tissue 
binding in azotemic patients. 


It is becoming common practice to calculate intrinsic 
clearance and the unbound volume of distribution directly 
from C,, wrsus  time data. It is helpful to be able to inter- 
pret the resultant value in terms of overall drug binding. 
The necessary assumption that  passive diffusion of un- 
bound drug accounts for equilibration between tissues is 
retained. These arguments for simplified calculation of Kb,  
however, should not preclude the application of more 
specific tissue binding models when based on appropriate 
experimental data. 
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Trace Decomposition of Choline 


Keyphrases 0 Choline-trace decomposition after exposure to high 
humidity or in unbuffered solutions Decomposition-trace, of choline 
after exposure to  high humidity or in unbuffered solutions 


To the Editor: 


Decomposition of pharmaceuticals to the extent of parts 
per thousand, or less, usually is considered negligible. Such 
trace decomposition cannot be ignored where it affects the 
acceptability of drug products, i . e . ,  where it is manifested 
as insoluble matter in an injection, as discoloration, or by 
odor formation. The origin of a characteristic fishy odor 
in oxtriphylline (choline theophyllinate) exposed to high 
humidity for protracted periods or in unbuffered solutions 
led to  the studies reported here. This odor, which is char- 
acteristic of many choline salts, can be attributed to trace 
decomposition; trace, because the presence of an odor has 
no measurable effect on physicochemical properties and 
decomposition, since quaternary ammonium salts are 
nonvolatile and would be expected to be odorless on that 
account. 


A decomposition study of choline, measuring intact 
quaternary ammonium function, showed that it proceeded 
very slowly in solution at  100". On heatiiig choline has been 
reported (1) to  yield 85-90% trimethylamine, 5% dimeth- 
ylamine, 25% ethylene glycol, 4% acetaldehyde, and 10- 
15% acetylene on a molar basis with excess concentrated 
potassium hydroxide. The nature of the neutral reaction 
products would be expected to vary with reaction condi- 
tions, but it was assumed in this study that trimethylamine 
would constitute the bulk of the basic products. Because 
the amounts of trimethylamine formed were extremely 
low, a method was developed using microdiffusion to iso- 
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late the amine and gas chromatography with a nitrogen- 
specific detector to quantify it. Heating solutions of choline 
in 1 N sodium hydroxide a t  60" for 14 days produced de- 
composition products in quantities of parts per million 
measured as trimethylamine. The  rate and extent of de- 
composition appear to  vary directly with the hydroxyl ion 
concentration of the medium. 


Solutions of choline chloride, 2 mg/ml, were prepared 
in water with 0.01, 0.1, and 1.0 N sodium hydroxide. They 
were filled into 10-ml glass ampuls and sealed, then heated 
a t  steam bath temperature, -looo, for 21  days. Intact 
choline was estimated by a modification of the Reinecke 
salt colorimetric method (2), the modification consisting 
of sparging the solutions with nitrogen gas to  remove vol- 
atile amines. Three-milliliter portions of the ampule con- 
tents were acidified with sulfuric acid, 10 ml of 1% aqueous 
ammonium reineckate was added to each solution with 
stirring, and the mixtures were allowed to stand for 10 min. 
They were chilled in ice water and filtered through fine-frit 
sintered-glass crucibles. The precipitates were washed with 
ice water, then dissolved and made up to 10 ml with ace- 
tone. Absorbance of the solutions was determined in 1-cm 
cells a t  523 nm, and the choline concentrations were cal- 
culated by reference to a standard curve constructed by 
carrying scalar amounts of choline chloride through the 
colorimetric procedure. The results support the hypothesis 
that degradation increases with increase in hydroxyl ion 
concentration; 96.0% of intact choline remained with water 
as the medium, 92.9% with 0.01 N ,  89.8% with 0.1 N ,  and 
80.4% in 1.0 N alkali. 


Although drug decomposition at pH extremes generally 
is of little practical significance, it is important in this in- 
stance, for the pH of a saturated solution of oxtriphylline 
is >13. In a moist environment, oxtriphylline particles or 
granulation may be visualized as surrounded with a thin 
film of saturated solution. In support of this concept, it was 
found that adjustment of oxtriphylline granulations to  a 
lower degree of alkalinity resulted in an odorless product. 
(Since the pKa of theophylline is -8.8, a pH of 11 would 
afford all of the drug in the anionic form, yet the 100-fold 
reduction in hydroxyl ion concentration represented by 
the change from pH 13 to 11 minimizes the extent of de- 
composition.) 


Solutions of choline chloride containing 50 mg/ml were 
prepared in water with 0.01, 0.1, and 1 N sodium hydroxide 
solutions. Aliquots of 2 ml were pipetted into the outer 
chamber of microdiffusion cells' and 2 ml of 1 M citric acid 
was pipetted into the inner chamber. The cells were sealed 
with a fine-ground flat glass plate using a minimum 
amount of stopcock grease and placed in an oven main- 
tained at  60". They were removed a t  intervals and allowed 
to cool to room temperature. A 1-ml portion of the citric 
acid solution from the inner chamber was pipetted into a 
15-ml glass-stoppered centrifuge tube, then 3 ml of 30% 
chloroform in hexane and 5 ml of 1 N sodium hydroxide 
were added, the tube was stoppered and shaken for 5 min, 
and then centrifuged to obtain clear, immiscible phases. 
A 4-11 portion of the upper layer was injected into a gas 
chromatograph2 fitted with a nitrogen-specific detector, 


~ 


Conway microdiffusim cells, D9318, SGA Scientific. Bloomfield, N.J. 
Perkin-Rlmer model 900. 


using a 3.66-m X 2-mm i.d. glass column3. Temperatures 
were 110" for the column, 100" for the injection port, and 
150" for the detector. Hydrogen pressure was 3 psi and 
attenuation X 8. The retention time for authentic trime- 
thylamine was -2 min and its detection limit -5 ng on- 
column. Standard solutions of trimethylamine were pre- 
pared by serial dilutions of a 25% aqueous solution. Con- 
centrations of 13.3-266 ng on-column, in 6 increments 
(3.3-66.5 yg/ml), provided a rectilinear plot of concen- 
tration uersus peak area. 


No time-dependent data were obtained for the solution 
in water or the lower alkali concentrations over a 24-day 
period; the amount of trimethylamine that  diffused into 
the citric acid solution was -6 yg (or 12  ng on-column), 
close to the limit of detection. Losses due to  adsorption on 
glass surfaces or dissolution in the grease seal may be sig- 
nificant a t  this level. In 1 N NaOH, however, the trime- 
thylamine determined was 43 yg after 2 days a t  60" and 78 
pg after 14 days, when the experiment was terminated. 
These data, with intermediate points obtained at  4,7, and 
10 days, gave a pseudo first-order rate constant of 7.14 X 


day-l. The amount of trimethylamine determined 
after 2 weeks a t  60" represented <4 ppm of decomposed 
choline on a molar basis. 


(1) A. T. Babyan, L. K. Gamburyan, and E. 0. Chukhadzhyan, Dokl. 
Akad. Nauk Arm. SSR,  44,29 (1967); through Chem. Abstr., 67,43196~ 
(1967). 


(2) F. J .  Bandelin, J .  Am. Pharm. Assoc., Sci. Ed.,  37, 10 (1948). 
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28% Pennwalt 223 and 4% potassium hydroxide on SO/lOO mesh Gas Chrom 
R. 


Changes in Plasma Protein Binding of 
Drugs after Blood Collection from 
Pregnant Rats 


~ 


Keyphrases 0 Protein binding-plasma, changes after blood collection 
from pregnant rats In uitro-in uiuo correlation-plasma protein binding 
changes after blood collection from pregnant rats 


To the Editor. 
Determinations of drug-protein binding in plasma are 


associated with a number of potential methodological and 
technical difficulties. It is, therefore, desirable to confirm 
the suitability of in uitro protein binding measurement 
procedures by in uiuo studies, if possible. The steady-state 
concentration of phenytoin in cerebrospinal fluid is es- 
sentially identical to the concentration of free (unbound) 
phenytoin in plasma so that  the ratio of phenytoin con- 
centration in cerebrospinal fluid to the total (free plus 
bound) concentration of phenytoin in plasma gives an in  
uiuo estimate of the free fraction of phenytoin in plasma 
( I ) .  We have recently used this method in rats to demon- 
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Abstract  A physical model describing the simultaneous diffusion of 
free solute and micelle-solubilized solute across the aqueous boundary 
layer, coupled with partitioning and diffusion of free solute through a 
lipoidal membrane, is derived, In uitro experiments utilizing progesterone 
and polysorbate 80 showed excellent agreement between theoretical 
predictions based on independently determined parameters and exper- 
imental results. The physical model predicts that micelles can assist the 
transport of solubilized solute across the aqueous diffusion layer, resulting 
in a higher solute concentration at  the membrane surface than would be 
predicted if micelle diffusion is neglected. At high surfactant concen- 
trations, the aqueous diffusion layer resistance can be eliminated and 
the activity of the solute a t  the membrane can approach the bulk solute 
activity. This mechanism could explain observed enhanced absorption 
rates in uiuo when both micelle solubilization occurs and the aqueous 
diffusion layer is an important transport barrier. The importance of de- 
termining and defining the thermodynamic activity of the diffusing solute 
is emphasized. 


Keyphrase 0 Diffusion-transport of micelle-solubilized solutes, the- 
oretical and experimental Solutes-micelle solubilized, transport, 
theoretical and experimental 0 Micelles-theoretical and experimental 
transport, solutes 


The effects of micelle solubilization on the solubility and 
intestinal absorption of nonpolar solutes are well docu- 
mented (1-8). Investigations have been performed to de- 
lineate the role of surfactants in diffusional transport. As 
a result of these studies, it is clear that several factors must 
be considered, such as the thermodynamic activity of the 
solute, diffusivities of the free solute and micelles, mem- 
brane permeability, and the importance of the aqueous 
diffusion layer in determining the overall transport rate. 


BACKGROUND 


In a diffusional process (e.g., intestinal absorption), a difference in the 
thermodynamic activity determines the direction of and driving force 
for the net transport of mass. Therefore, when micelle solubilization 
occurs and the thermodynamic activity of solute is lowered, a decreased 
diffusional rate is expected. On this basis, decreased absorption rates of 
salicylic acid in the presence of polysorbate 60 from rat intestinal seg- 
ments were explained (1). 


However there are numerous examples of increased absorption rates 
in uiuo when solubilizing agents are present (2 ,3) .  For example, the serum 
blood levels of indoxole when administered in a polysorbate 80 solution 
to humans were three to four times higher than comparable doses with 
an aqueous suspension or hard capsule (4). It was shown (5,6), however, 
that membrane permeabilities may change in the presence of surfactant, 
possibly resulting in a net increase in the absorption rate even with a 
decreased thermodynamic activity of solute in bulk aqueous solution. 


Another reason for enhanced absorption in the presence of solubilizing 
agents is associated with the diffusion of solute in the aqueous phase ( i s . ,  
within the aqueous diffusion layer). Westergaard and Dietschy (7) 
pointed out that, in addition to the importance of bulk solute concen- 
tration and membrane permeability in determining absorption rates, the 
aqueous boundary layer is an important barrier to transport in uiuo and 
should be evaluated. They concluded that the apparent functions of the 
micelle were to overcome the diffusion layer resistance in uiuo and to 
deliver a maximum solute concentration to the membrane surface. It was 
also suggested (8) that the diffusion coefficient of the free solute-micelle 
complex is important in quantitatively assessing absorption in the 
presence of micelles. 


Thus, it is clear that  an evaluation of the aqueous diffusion layer and 
the physicochemical events occurring within it is necessary in the de- 
velopment of a realistic physical model. Furthermore, micellar diffusion, 
membrane permeation, and the thermodynamic activity of the solute in 
the surfactant solution need to be included in any complete analysis. This 
report presents a comprehensive physical model incorporating all of the 
principles just discussed. In uitro experiments along with independent 
determinations of all physicochemical parameters defined in the physical 
model were carried out utilizing progesterone and the nonionic surfactant 
polysorbate 80. Therefore, theoretical predictions based on independent 
estimates of the important parameters and experimentally determined 
fluxes can be compared. 


The physical model is defined for two hydrodynamic conditions: the 


k H l + H m  * H * d  
0-x 


I 
Scheme I-Schematic diagram of the physical model. Key: HI, donor 
side aqueous diffusion layer thickness; H,, semipermeable membrane 
thickness; Hz, receiver side diffusion layer thickness; and k*, micelle- 


free solute equilibrium distribution coefficient. 


~~ 


Dow Corning, Midland, Mich. 
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stagnant diffusion layer case and the more well-defined hydrodynamic 
case for the surface of a rotating disk. For this latter situation, the fluid 
flow within the aqueous diffusion layer is well defined (9)  and more easily 
controlled; it provides insight into actual events occurring within the 
diffusion layer and places the physical model on a more sound theoretical 
basis. For hydrodynamic conditions that are not ideal (i.e.,  many in uiuo 
absorption situations), the stagnant diffusion layer approach permits 
an evaluation of the aqueous diffusion layer resistance to diffusion. 


A rotating-membrane diffusion cell similar to that used by Albery et 
al. (10) was employed for the present in uitro diffusion experiments. 
Proper design provides for well-defined hydrodynamics on each side of 
the rotating semipermeable membrane. Dimethicone (dimethylpolysi- 
loxane') membranes were utilized since they have been shown to maintain 
their integrity in the presence of surfactants (11) and buffers (12) and 
are quite permeable to the solutes investigated. 


THEORY 


Description of Model-The physical model involving the simulta- 
neous diffusion of both free solute and solute solubilized in micelles is 
shown in Scheme I. Two aqueous compartments are separated by a 
semipermeable, lipid-like membrane, which permits only the passage 
of free solute. The donor compartment contains free solute, surfactant, 
and solute solubilized by the surfactant. I t  is assumed that the receiver 
compartment is at  an equivalent surfactant concentration. This as- 
sumption is not necessary but simplifies the mathematics. 


Furthermore, equilibrium between free solute and that solute solubi- 
lized in the micelle is assumed to occur at  each point in the aqueous phase 
and in the diffusion layer. This equilibrium distribution coefficient is 
denoted by k*; for the present model, it is assumed to be a constant. 


The bulk of each aqueous phase is assumed to be well mixed by con- 
vection and, therefore, of uniform concentration in each compartment. 
Adjacent to the membrane is a region of relatively stagnant solution. It 
is primarily within this region (the aqueous diffusion layer) that con- 
centration gradients of species may exist between the well-stirred bulk 
and the membrane surface. Under ideal hydrodynamic conditions, such 
as those of a rotating disk2, the fluid flow near the surface can be 
mathematically described and an explicit relationship for the effective 
diffusion layer thickness can be obtained (13). When hydrodynamic 
conditions are not well defined, a stagnant diffusion layer model can be 
used. 


Both free solute and micelles that may contain solubilized solute are 
assumed to diffuse independently across the aqueous diffusion layer. 
However, only free solute is assumed to partition into and diffuse through 
the membrane. Therefore, the components of the micelle are conserved 
in each compartment so that the surfactant concentration is assumed to 
be constant throughout each bulk phase and the diffusion layers. 


Stagnant Diffusion Layer Model-When the aqueous diffusion layer 
is assumed to be a stagnant solvent layer, the steady-state flux equation 
for each diffusion layer (i = 1,2) can be written as the sum of the flux of 
the micelle-solubilized solute and the free solute: 


(Es. 2) 


where J is the steady-state flux; D is diffusivity; H i s  effective diffusion 
layer thickness; C is concentration; the asterisk and prime superscripts 
denote the micelle-solubilized species and the free solute, respectively; 
and the subscripts b and s denote the bulk and membrane surface for the 
donor, 1 ,  and receiver, 2, sides. 


The following free solute-micelle-solubilized solute equilibrium is 
assumed to hold above the critical micelle concentration (CMC) of the 
surfactant: 


k* (Eq. 3) 


where k* is the equilibrium distribution coefficient, C; and C ;  are the 
micelle-solubilized solute concentration and free solute concentration 
per liter of solution, and ( S A A )  is the surfactant concentration3. This 


Other geometries such as flow across a flat surface or laminar flow down a tube 
provide equally well-defined hydrodynamics. 


3 Here (SAA)  is equivalent to the concentration of micelles in solution. There- 
fore, (SAA) = (SAA)T - CMC, where (SAA)T is the total surfactant concentration. 
For surfactants with low CMC values (such as polysorbate 80, CMC rr 0.0060/0): 
(SAA) u (SAA)T 


C ; ( S A A )  


Figure 1-Schematic diagram of rotating-membrane diffusion cell. Key: 
A,  outer stainless steel cylinder; B, stationary cylindrical baffle; C ,  
sampling port; and D, semipermeable membrane. 


relationship permits the free solute concentration (thermodynamic ac- 
tivity) to be calculated when micelles are present. 


The total bulk and surface concentration for each aqueous compart- 
ment can be written: 


Cbi = c& + Cbi = Cbi [I + k*(SAA)]  


Csi = C;i + C,; = Cli(1 + k*(SAA)]  


(Eq. 4) 


(Eq. 5) 


Eqs. 1 and 2 can be rewritten: 


where P is permeability and: 


pi =Deff 
Hi 


The effective diffusion coefficient, D,fr, is defined as: 
0; + k*(SAA)Di* 


[l + k*(SAA)]  Defi = 


(Eq. 8) 


(Eq. 9a)  


An identical way of expressing the effective diffusion coefficient is: 


Derr = f'D' + f*D* (Eq. 96)  


where f' and f * are the fractions of the total solute in the free form and 
solubilized form, respectively. 


It is evident from Eq. 96 that the diffusivity of each aqueous diffusion 
layer becomes essentially the diffusivity for the micelle-solubilized solute, 
D * ,  when the surfactant concentration is large. At premicellar concen- 
trations and low micellar concentrations, the diffusivity is essentially the 
diffusivity for free solute, D'. 


The steady-state flux of solute through the semipermeable membrane 
(J,) can be written as: 


(Eq. 10) 


where C,, and Ck2 are the free solute concentrations in the membrane 
at  each interface and D ,  is the solute diffusivity in the membrane of 
thickness H,. 


D, 
H m  


J ,  = - (C,, - C,Z) 
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Figure %-Membrane support and spacers (each 50-pm thick). 


The membrane-aqueous phase partition coefficient, K, is: 


1.20- 


p 1.10 


5 
. n 


“l 


1.00- 
X 


K = &  
Cb, 


Combining Eqs. 10 and 11 gives: 


- 


When the surfactant concentration is the same on each side: the 
membrane flux can be written in terms of the total solute concentra- 
tion: 


Jm = Prn(Cs1 - C~Z) (Eq. 13) 


where: 


0.6 


0.5 


(Eq. 14) 


- 


- 


The membrane permeability is a function of the surfactant concentration 
since i t  is related to the free solute concentration a t  the membrane sur- 
face. 


A t  steady state, the flux of solute through each region must be equal; 
therefore: 


(Eq. 15) J1= Jm = Jz 


and: 


J = Peff(Cb1 - C b Z )  (Eq. 16) 


where the effective permeability coefficient, Perf, is: 


1 
1 1 1  -+-+- 
PI Prn PZ 


Perf = (Eq. 17) 


The total solute concentration a t  each interface is given by: 


-+-+- 
PI Prn PZ 


This assumption is not necessary but simplifies the mathematics that 
follow. 


“ C  z Yk 0.70 


I I , , , ,  1 1 1  


0 2 4 6 8 
POLYSORBATE 80 CONCENTRATION, % (w/v) 


Figure 3-Kinematic viscosity of polysorbate 80 solutions at 37’. 


-+-+- 
PI pm Pz 


Convective Diffusion Layer Model-For the ideal hydrodynamics 
near the surface of a rotating disk, the convective diffusion equation for 
mass transfer can be solved (13). The solution predicts solvent movement 
even immediately adjacent to the rotating surface. Therefore, instead 
of a stagnant diffusion layer, a dynamic convective diffusion layer is more 
appropriate. Within this layer (normally 150 pm) and extending out into 
the bulk, there is a gradual transition from an essentially diffusional 
process at  the disk surface to one in which the major transport mechanism 
is convection. 


Under these rotating-disk conditions, the effective diffusion layer 
thickness is: 


H = 1.61v1/6D1/3w-1/2 (Eq. 20) 


0.41 I I I I I 
0 20 40 60 80 100 


MINUTES 


Figure 4-Semilogarithmic plot of  the fraction of radiolabeled capric 
acid remaining in the donor phase with time when both the donor and 
receiver side diffusion layers are important. Key: 0 ,60  rpm; A, 120 rpm; 
and 0,300 rpm. 
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Table I-Effective Diffusion Coefficients of Progesterone- 
Polysorbate 80 Solutions 


Table 11-Reproducibility of Effective Permeability Coefficient 
Determinations 


Pol ysorbate Deff X lo6, Deff X lo6 
80 cm2/sec cm2/sec D* x 106, 


90 (w/v) Concentrations Solutions Estimated 
Concentration, Trace Saturated cm2/sec 


0.0 
0.103 
0.116 
0.514 
0.56 
0.942 
1.96 
2.03 
5.04 


8.50 


6.22 
3.58 


3.22 
2.13 


1.56 


- 


- 


- 


- - 
6.52 4.68 
- 4.35 
- 2.67 


2.51 1.49 
- 2.69 
- 1.82 


1.76 1.46 
- 1.43 


and the steady-state mass flux of solute, J ,  through the convective dif- 
fusion layer can be written: 


J=-= 0.62D2/3~-1/6~1/2(Cb - C,) (Eq. 21) 


where D is the aqueous diffusion coefficient, v is the kinematic viscosity, 
and w is the disk rotation speed in radians per second. 


For the simultaneous convective diffusion of free solute and micelle- 
solubilized solute, Eq. 21 can be modified to: 


(Eq. 22) 


H 


J = 0.62DefP/3~-1/6w1/2(Cb - C,) 


where the effective diffusion coefficient, Deff, is defined in Eq. 9a. 
When the flux of solute through the convective diffusion layer on each 


side of the semipermeable membrane is given by Eq. 22 and the mem- 
brane permeability coefficient is given by Eq. 13, the following equation 
predicts the total flux of solute ( J ) :  


(Eq. 23) 


1 
1 1 1  -+-+-  


Peff = (Eq. 24) 


P f  P, Pp2 
and the permeability of each convective diffusion layer, PF, is: 


Pf = D,ff = 0.620 ef ,2/3v-1/6w1/2 (Eq. 25) 


Both D,rf and v may be functions of surfactant concentration. For 
simplicity, it is assumed here, as it was in the stagnant diffusion layer 


Hi 


0 20 40 60 80 100 
MINUTES 


Figure 5-Semilogarithmic plot of the  fraction of radiolabeled capric 
acid remaining in the donor phase when the receiver side diffusion layer 
resistance is eliminated by adjustment  of pH.  Key: 0 , 6 0  rpm;  A, 120 
rpm; and 0,300 rpm. 


~ ~ ~~ 


Rotation Speed, radiandsec 
6.28 12.57 31.42 


(60 rpm) (120 rpm) (300 rpm) 


n 5 8 5 
peff x 104 6.58 9.77 13.67 
SD x 104 0.370 0.589 0.733 cv, 70 5.6 6.0 5.4 


model, that the surfactant concentrations in both the donor and receiver 
sides are equal. 


Equation 24 can be rewritten as: 


and, using Eq. 25, the following can be derived: 


If one diffusion layer is eliminated, then Eq. 27 reduces to: 


(Eq. 26) 


(Eq. 28) 


Thus, Eqs. 27 and 28 offer a convenient way of testing the validity of ECJ. 
20 for the diffusion layer thickness on each side of the semipermeable 
membrane. 


Diffusion Cell and Membrane Preparation-A diagram of the ro- 
tating-membrane diffusion cell is shown in Fig. 1. An outer stainless steel 
cylinder is connected to a variable-speed motor by a pulley and belt 
system. In this way, the outer cylinder can be rotated a t  a variety of speeds 
with ease. A stationary cylindrical baffle attached to the hollow sampling 
port is suspended inside the outer cylinder. To allow proper fluid flow 
inside the cell, two grooves -1-cm wide are cut 3 cm from the bottom of 
the inner baffle, which is open. 


The outer cylinder can be further disassembled by unscrewing to allow 
the membrane to be positioned a t  the bottom of the cell and screwed 
tightly into place. In addition, at  each edge of the membrane, the cylinder 
is beveled a t  an angle of -lo0 so that fluid flow a t  the edge is not dis- 


0' I I 1 I 


(ROTATION SPEED)-% 


Figure 6-Permeability coefficient dependence on rbtation speed when 
both donor and receiver side di f fusion layer resistances are important 
(A), outer di f fusion layer resistance is eliminated (B), and inner dif- 
fusion layer resistance is eliminated (C) .  
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turbed (10). The cell is immersed in an outer solution of 450 ml, while the 
inner volume is 70 ml. 


Dimethicone, a two-component room temperature vulcanizing di- 
methyl polysiloxane rubbber, was used as the model membrane. This 
material forms a nonpolar continuum and is lipid-like in nature, so par- 
titioning and membrane diffusion rather than pore permeation occurs. 
Unlike more conventional lipid-impregnated membrane filters, it has 
been shown to be impermeable to ions and buffers and is unaffected by 
surfactants. These properties, along with the relatively simple procedure 
for preparing these membranes in the laboratory, indicated it would be 
a good candidate for model studies. 


The membranes were prepared by mixing the catalyst with elastomer 
base and applying a vacuum to eliminate air bubbles. Then the elastomer 
was applied to both sides of the membrane support screen shown in Fig. 
2. A spacer was placed on each side of the support and was compressed 
using an appropriate form a t  1362 kg (3000 Ib) of pressure. 


The support and spacers were each 50-pm thick, resulting in a total 
membrane thickness of -150 ym. The holes in the support were 0.556 
cm in diameter. Preliminary observations using membranes without the 
supporting structure indicated that the membrane would not remain 
sufficiently rigid during the experiments. Since this would disturb the 
hydrodynamics a t  the surface and affect the diffusion layer thickness, 
a support was necessary. The membranes were measured with a mi- 
crometer a t  several places to obtain an average thickness. 


Each membrane was allowed to cure for -12 h. They were each re- 
moved and soaked in double-distilled water for -15 min before use. The 
total area of membrane exposed to the solutions during the experiments 
was 6.16 cm2, and the area of the holes through the support screen was 
4.36 cm2. 


EXPERIMENTAL 


Materials-Commercially available progesterone5, radiolabeled 
progesterone6, and radiolabeled capric acid7 were used as received. The 
purity of the radioactive materials was checked periodically using TLC 
and were shown to be >98%. Polysorbate 808 and all other chemicals were 
used as received. Double-distilled water, degassed by boiling, was the only 
solvent used in preparing the permeant solutions. 


Preparat ion of Solutions-All surfactant solutions were prepared 
by weighing polysorbate 80 into an appropriately sized volumetric flask 
and diluting with double-distilled water, previously degassed by bringing 
to a near boil, to obtain the correct percent weight/volume concentration 
of surfactant a t  37O. This solution was allowed to equilibrate a t  37" 
overnight before use. Saturated solutions were prepared by adding excess 
progesterone to surfactant solutions and equilibrating overnight. Before 
use, these solutions were filtered through two glass fiber filter papersQ 
to eliminate particulates. Radioactive solutions were prepared by adding 
an aliquot of radiolabeled material to the test solution -15 min before 
the experiment was begun. 


Solubility Determination-The solubility of progesterone a t  several 
polysorbate 80 concentrations was determined by sealing -5 ml of sur- 
factant solution and excess progesterone in 15-ml ampuls and shaking 
in a 37' waterbath for 48 hr. Aliquots of equilibrated samples were fil- 
tered9, diluted in ethanol USP, and assayed spectrophotometrically10 
at  240 nm. An identical solution, containing no progesterone and prepared 
in the same way, was used as a blank, and the absorbance was compared 
to a series of standards. 


Viscosity and Density Determinations-The specific gravity of 
surfactant solutions was determined at  37" using a 25-1111 pycnometer; 
the corresponding density, p, was calculated by calibrating the pyc- 
nometer with water ( p  = 0.993 g/cm3 a t  37O). Determinations of the ki- 
nematic viscosity, u,  were made with a viscometer". The viscosity, 7, was 
calculated from: 


v = ? / P  (Eq. 29) 


Diffusion Coefficient Determinations-Aqueous diffusion coeffi- 
cients a t  37O were determined using a small-volume diaphragm cell (14, 
15). The apparatus consisted of two well-stirred reservoirs separated by 
two silver filter mernbranesl2. Each membrane was 50-ym thick with a 


Aldrich Chemical Co., Milwaukee, Wis. 
Amersham Corp., Arlington Heights, Ill. 
California Bionuclear Corp., Sun Valley, Calif. 


8 Atlas Chemical Industries, Wilmington, Del. 
Whatman Filters, W&R Balston Ltd., En land 


lo  Hitachi model 139, Hitachi Ltd., Tokyo, japan: 
Size 25, Cannon-Fenske. 
Flowtronics, Philadelphia, Pa. 


1 1 I I 
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Figure 7-Permeability coefficient dependence o n  rotation speed for  
progesterone. 


pore diameter of 1.2 pm. This pore diameter was large enough to permit 
the facile passage of micelles. The diffusion cell constant was determined 
using 0.1% benzoic acid in 0.01 N HCI for which the aqueous diffusion 
coefficient was known to be 1.4 X 


Subsequently, either the diffusion coefficient or the effective diffusion 
coefficient of progesterone in the presence of micelles was determined. 
Utilization of Eq. 9 permits the diffusion coefficient of the micelle to be 
factored out of the effective diffusion coefficient. 


The effective diffusion coefficient was determined: (a) when only trace 
amounts of radiolabeled progesterone were present and (b) with sur- 
factant solutions saturated with progesterone and containing sufficient 
radiolabeled progesterone to permit assay. In this way, any change in 
diffusivity with a change in progesterone concentration could be deter- 
mined. All samples were assayed by adding the radioactive sample to 10 
ml of liquid scintillation fluid13 and counting in a liquid scintillation 
counterI4. 


Diffusion Cell Characterization-To test the applicability of Eq. 
20 to each side of the rotating membrane, radiolabeled capric acid was 
used. Since initial experiments showed this solute to have high membrane 
permeability, it was well suited for testing each diffusion layer separately 
by adjusting the pH in the donor and receiver solutions. For example, a t  
sufficiently high pH in the receiver compartment, the diffusion of hy- 
droxide ion from the bulk to the membrane surface essentially induces 
ionization of the permeant a t  the membrane surface. This results in 
"sink" conditions a t  the membrane surface being maintained with respect 
to the unionized species. If the membrane is impermeable to the ionized 
species, the receiver side diffusion layer resistance is eliminated or 
"shorted out." In this manner, the receiver side diffusion layer can be 
eliminated and the applicability of Eq. 20 to the donor side diffusion layer 
can be tested. 


Prior to the start of each experiment, the prewashed membrane was 
positioned in the diffusion cell, which had been preheated in an oven to 
37O. Then 70 ml of an appropriate solution (either 0.01 N HCI or 0.1 M 
phosphate buffer a t  pH 7.2) was added to the inner compartment. A vi- 
sual inspection for leaks around the membrane was made. The diffusion 
cell was then immersed in an outer solution of 450 ml contained in a 
water-jacketed beaker to maintain the temperature of the outer solution 
and the diffusion cell a t  37' for the duration of the experiment. The cell 
was rotated a t  60,120, or 300 rpm; 0.10-ml samples were withdrawn from 
both donor and receiver sides periodically. Assay for capric acid was by 


l 3  ACS, Amersham Corp., Arlington Heights, Ill., and Aquasol, New England 


l4 Model LS200, Beckman Instruments, Fullerton, Calif. 


cm2/sec (16). 


Nuclear, Boston, Mass. 
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0 .201  


Figure 8-Appearance of radiolabeled progesterone in the receiver 
compartment for constant initial concentratton studies. K e y  (poly- 


sorbate 80 concentration): 0 ,  0 % ;  A, 0.1%; 0, 0.5%; V, 1.05%; 0, 
2.09%; and 0 , 5 . 0 % .  


liquid scintillation counting, and samples were corrected for quench if 
necessary. A series of steady-state experiments could he done in succes- 
sion by completely replacing the receiver solution with fresh solution a t  
the end of a run and, if necessary, replenishing the donor compartment 
with test permeant solution. 


Micelle Solubilization Studies-The rotating-membrane diffusion 
cell was utilized for all transport experiments. The inner compartment 
served as the donor phase and the volume was 70 ml. The outer com- 
partment volume was either 420 or 450 ml, depending on the experiment 
performed. Samples were taken using either a 100 or 50O-pl Eppendorf 
mi~ropipet '~.  Radioactive samples were assayed by liquid scintillation 
counting. Correction for quench was done when necessary. Nonra- 
dioactive progesterone was assayed by high-pressure liquid chromatog- 
raphy (HPLC) utilizing reversed-phase chromatographylfi. 


Two types of experiments were conducted to demonstrate clearly the 
influence of progesterone concentration on transport in the presence of 
polysorbate 80. Constant initial solute concentration experiments were 
carried out by adding an aliquot of radiolabeled progesterone (approxi- 
mately the same concentration for each experiment) to 70 ml of surfactant 
solution, and saturated solution experiments were performed by adding 
surfactant solutions previously saturated with nonradiolabeled proges- 
terone to the donor compartment. An identical surfactant solution with 
no progesterone was used as the receiver phase in each case. 


In all experiments, samples were taken from the donor and receiver 
phases and assayed by liquid scintillation counting or HPLC. All ex- 
periments were conducted a t  37' and a rotation speed of 60 rpm. 


RESULTS AND DISCUSSION 


The aqueous solubility of progesterone a t  37" was determined to he 
12.0 pglml, and the total solubility of progesterone increased linearly with 
increasing surfactant concentration over the range studied. The slope 
of the line is related to the micelle-free solute equilibrium distribution 
Coefficient., k * ,  by: 


CT = C* + C' = C'[l t k*(SAA)]  (Eq. 30) 


is consistent with independent but less reliable measurements conducted 
in this laboratory using dialysis tubing. 


The kinematic viscosity is shown in Fig. 3. The density increased lin- 
early with surfactant concentration from a value of 0.993 g/cm3 for pure 
water a t  37' to 1.002 g/cm3 for an 8.5% (w/v) polysorbate 80 solution. 


The effective diffusion coefficients at  several surfactant concentrations, 
as determined by using the small-volume diaphragm cell, are presented 
in Table I. The effective diffusion coefficient decreased as the surfactant 
concentration increased due to incorporation of more solute into the 
micelles. The effective diffusion coefficient was determined for both 
tracer levels of progesterone and saturated solutions. As shown, there was 
little difference between the diffusion coefficients a t  comparable sur- 
factant concentrations and it is concluded that Dell does not vary sig- 
nificantly with progesterone concentration. 


By utilizing Eq. 9a, the diffusion coefficient of the micelle-solute 
complex ( D * )  can he evaluated if the micelle-free solute equilibrium 
coefficient ( k * )  and the free solute diffusion coefficient (D') are known. 
These values are shown in Table I, assuming a free solute diffusivity of 
8.5 X lov6 cm2/sec and a micelle-free solute equilibrium coefficient of 
10.5. For the progesterone-polysorbate 80 system under investigation, 
D* is not constant. 


Diffusion Cell Characterization-Typical results of the rate of loss 
of radiolabeled capric acid from the donor phase for three rotation speeds 
are shown in Fig. 4 when both the donor and receiver phases are 0.01 N 
HC1 solutions. The diffusion layers on each side of the semipermeable 
membrane, thus, are important barriers to transport. The rate of loss of 
capric acid from the donor phase, for the same three rotation speeds, with 
0.1 M phosphate buffer a t  pH 7.2 as the receiver side solution is shown 
in Fig. 5. The donor side diffusion layer is the only diffusion layer offering 
resistance to diffusion in this second case. 


The effective permeability of the diffusional resistance under quasi- 
steady-state conditions can he conveniently assessed from the slope of 
the semilogarithmic plots by: 


- A  
V In (CJCO) = -PP, f f t  (Eq. 31) 


The slope of the line was 1.26 X 10-1 mg/ml percent and corresponded 
to a value of 10.5 for the equilibrium distribution coefficient. This result 


where Ct is the concentration of solute remaining in the donor phase at  
time t ,  CO is the initial concentration, V is the volume of the donor phase, 
and A the area of the membrane available for transport. The area in these 
studies is the area of the holes in the membrane support (4.36 cm2). 
Equation 31 can be modified to correct for any buildup of solute in the Brinkmann Instruments, Westbury, N.Y. 


16 Model 440 equipped with pBondapack column, Waters Associates. Milford, 
Mass. receiver compartment when necessary. 
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Table 111-Theoretical and Experimental  Slopes of lIP,ff versus 
0 - " 2  Plots 


PH Theoretical Experimental SD 
Inner Outer n Slope x 10-3 Slope x x 
2.0" 2.0 5 3.672 
2.0" 7.2 5 1.836 
7.2 2.0" 3 1.836 


3.56 0.44 
1.87 0.30 
1.62 0.18 


0 Denotes donor compartment. 


The reproducibility of the effective permeability coefficient deter- 
minations utilizing the rotating-membrane diffusion cell is shown in 
Table 11. Duplicate experiments in which both donor and receiver com- 
partments were prepared from 0.01 N HCl solutions were performed. The 
average permeability and the standard deviation determmined a t  60,120, 
and 300 rpm are given. The coefficient of variation for each speed was 
between 5 and 6%. These deviations include sampling and assay errors 
as well as some variations in membrane thickness. Each experiment was 
done with a new membrane. Generally, the observed reproducibility 
compares with that observed for published work with other diffusion cell 
systems, indicating satisfactory reproducibility for each experiment. 


The applicability of Eq. 20 to the diffusion layer thickness on each side 
of the membrane can be tested by utilizing Eqs. 27 and 28. Figure 6 de- 
picts the results obtained when the inverse of the permeability is plotted 
against the inverse square root of the rotation speed for three different 
conditions. Both the donor and receiver side diffusion layers are impor- 
tant in Fig. 6A, and Eq. 27 should apply. The theoretical slope is 3.672 
X 103, assuming a diffusion coefficient for capric acid (17) of 7.5 X 
cm2/sec and a kinematic viscosity of 6.96 X cm2/sec. Figures 6B and 
6C show the results obtained when the outer and inner diffusion layer 
resistance are eliminated by buffering a t  pH 7.2. Consequently, Eq. 28 
should apply. The theoretical slope is half of that for Eq. 27 or 1.836 X 
lo3 The intercept corresponding to the inverse of the membrane per- 
meability should be the same in each case. 


Table 111 presents results from duplicate experiments like those given 
in Fig. 6. The average slope of 3.56 X lo3 agrees quite closely with the 
theoretical prediction of 3.672 X lo3 when both diffusion layers are in- 
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Figure 9-Theoretical predictions of Peff f-j, P, f -  - - j ,  and P, (-. .j 
as a function of polysorbate 80 concentration based on independent 
estimates of the physicochemical parameters. Key: 0 ,  experimentally 
determined Pelf. 


Table IV-Experimentally Determined Permeability 
Coefficients and  Fluxes from Constant Initial Concentration and 
Saturated Solution Studies 


~ 


Constant Initial 
Concentration Saturated Solution Case 


Polysorbate 80 Case, Flux from Saturated 
Concentration, P,ff X lo4, Solution x 109, P,ff x lo4, 


0 5.87 7.05 5.87 
0.1 3.75 
0.126 - 9.42 2.89 
0.5 1.65 
0.52 - 14.65 1.78 
1.05 0.965 - - 
2.04 - 16.98 0.62 
2.09 0.612 - - 


5.0 0.30 


% cm/sec g/cm2 sec cm/sec 


- - 


- - 


- - 


cluded. When the outer or inner diffusion layer is eliminated, the average 
of the experimentally determined slope is 1.87 or 1.62 X lo3, respectively. 
The Student t test for significance of difference between two means a t  
the 5% level of confidence indicates there is no statistical difference be- 
tween the latter two slopes. The ll-16% coefficient of variation for each 
case can be attributed in part to the 5-6% variation observed in each 
determination. 


Because of the close agreement between theory and experiment, these 
results indicate that the aqueous diffusion layer thickness on each side 
of the rotating membrane is equal within the limits of experimental error. 
Therefore, Eq. 20 applies for each diffusion layer thickness. This diffusion 
cell system also has the advantage of permitting easy and quantitative 
control of the aqueous diffusion layer thickness and gives more insight 
into the events occurring within it. The ability to extrapolate to infinite 
rotation speed also permits the diffusion layer resistance to be factored 
out, thereby permitting an estimate of the membrane permeability 
coefficient. 


Equation 27 can be utilized to determine the membrane permeability 
coefficient and the aqueous diffusion coefficient of progesterone, and 
results are presented in Fig. 7.  The membrane permeability coefficient 
is estimated from the intercept to be 2.0 X cm/sec for a 190-pn thick 
membrane. The aqueous diffusion coefficient, estimated from the slope 
in Fig. 7, is 8.5 X cm2/sec. This value is close to the diffusion coef- 
ficient of 7.9 X 10W cm2/sec as determined by the small-volume diaphram 
cell method. 


Micelle Solubilization Studies-The appearance of radiolabeled 
progesterone in the receiver compartment is shown in Fig. 8 for several 
polysorbate 80 concentrations. In these studies, the donor compartment 
contained approximately equivalent initial concentrations of radiolabeled 
progesterone. A decreasing slope as the surfactant concentration is in- 
creased is seen, reflecting a decreasing permeability. The effective per- 
meability coefficients as determined from the slope of the lines in Fig. 
8 are given in Table 1V and are included in Fig. 9 along with theoretical 
estimates from the model. The theoretical estimates were based on Eqs. 
24 and 25 and independent estimates of all relevant physicochemical 
parameters. 


;u 1,6[ 
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Figure 10-Appearance of progesterone in  the receiver compartment 
from saturated solutions. Key: (polysorbate 80 concentration) W, 2.045'0, 
A, 0.52%; and 0,0.126%. 
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Figure 11-Flux of progesterone from saturated solutions as a function 
of polysorbate 80 Concentration. Key: -, theory; and 0 ,  experi- 
mental. 


There is very good agreement between experimental results and the 
theoretical model. The predicted change in the permeability coefficient 
of the aqueous diffusion layer resistance is also included (Pi). It ap- 
proaches a limiting value at  high surfactant concentrations, corresponding 
to the permeability coefficient of the diffusion layer when only micelles 
are transported. The effective permeability coefficient continues to de- 
crease, however, since the thermodynamic activity of progesterone con- 
tinues to decrease with increasing surfactant. The theoretical curve 1a- 
beled P, is obtained when the aqueous diffusion layer is completely 
neglected. 


The decreasing flux as a function of surfactant concentration is a result 
of the decreasing aqueous permeability coefficient and also the decreasing 
thermodynamic activity of progesterone. The decreasing effective per- 
meability coefficient is in part the result of the changing aqueous diffusion 
layer permeability coefficient given in Eqs. 8 and 25. As the surfactant 
concentration increases, more progesterone is incorporated within the 
micelle and most of the progesterone diffuses through the diffusion layer 
solubilized in the micelle. The smaller diffusivity of the micelle deter- 
mines the aqueous permeability coefficient a t  high surfactant concen- 
trations. The thermodynamic activity of progesterone is also affected by 
the surfactant concentration since the concentration of free progesterone 
in the aqueous phase is lower due to micelle solubilization. This situation 
is reflected in the membrane permeability, P,, and also in the bulk 
aqueous phase through Eq. 4. 


Saturated Solution Studies-The rate of appearance of progesterone 
in the receiver side is shown in Fig. 10 for three surfactant concentrations. 
The donor phase was presaturated with progesterone, and the appearance 
of solute in the reciever side was followed using HPLC. The corresponding 


fluxes of progesterone from each of these saturated solutions is shown 
in Fig. 11, and the corresponding effective permeability coefficients are 
tabulated in Table IV. The solid line in Fig. 11 is the theoretical prediction 
based upon Eqs. 23 and 24 and is included to show the close agreement 
between experimental results and theoretical predictions based on the 
physical model and independent estimates of the relevant physico- 
chemical parameters. 


As was the case for the constant initial progesterone concentration 
studies, the effective permeability coefficient for the trilaminar resistance 
decreases with increasing surfactant concentration. However, a larger 
total bulk solute concentration, Cbl, is possible due to micelle solubili- 
zation. For the progesterone-polysorbate 80 case, the increased solubility 
of progesterone offsets the decreased permeability; the net result is an 
increase in flux as the surfactant concentration increases. In effect, the 
micelles act as carriers of solute across the aqueous diffusion layer to the 
membrane surface. In this way, the diffusion layer resistance can be 
eliminated or shorted out. At high surfactant concentrations, saturated 
solution conditions can be reached a t  the membrane surface and the 
membrane is the only resistance to diffusion. For progesterone, this 
plateau occurs a t  -2% polysorbate 80 and there is little further increase 
in flux. 
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Abstract As part of ongoing studies of the medicinal aspects of Mar- 
itime flora, particularly the herbal remedies of the Micmac and Malecite 
Indians, the sterols and triterpenes of Achillea millefolium L. (Com- 
positae), a widely used herbal remedy known commonly as yarrow, were 
determined. Using modern techniques, including nuclear magnetic res- 
onance spectroscopy and combined GC-mass spectrometry, /3-sitosterol 
was identified as the major sterol and a-amyrin as the major triterpene 
of this plant. The sterols stigmasterol, campesterol, and cholesterol and 
the triterpenes 6-amyrin, taraxasterol, and pseudotaraxasterol were also 
identified. Successful therapeutic application of yarrow may be partly 
due to the presence of one or more of these compounds since many sterols 
and triterpenes exhibit a wide range of pharmacological activities. This 
is the first reported occurrence of cholesterol, campesterol, and the four 
triterpenes in yarrow. 


Keyphrases Achillea millefolium L.-herbal remedies, extraction 
of triterpenes and sterols Triterpenes-extraction from Achillea 
millefolium L., herbal remedies, sterols 0 Sterols-extraction from 
Achillea millefolium L., herbal remedies, triterpenes 


Since the Trojan war (-1200 BC), Achillea millefolium 
L. has been used extensively by many cultures on different 
continents as a herbal remedy for various afflictions (1). 
While conducting studies on the medicinal aspects of the 
Maritime flora, particularly the herbal remedies of the 
Micmac and Malecite Indians (2,3), it was observed that 
although A. millefolium (yarrow) had been widely used 


and extensively studied (l), very little had been reported 
regarding its sterols and triterpenes. 


Some early articles and various screening papers have 
reported sterols, triterpenes (3-5), and saponins (6, 7) 
present in yarrow, although at  least one paper stated that 
the plant contained no steroids (8). Only two authors have 
previously attempted to determine the nature of the sterols 
and triterpenes present in this plant. One of those authors 
documented the presence of stigmasterol and a sitosterol 
(9), while another reported the presence of P-sitosterol, its 
acetate, a phytol, and a diol(10). 


Therefore, the examination of yarrow for the presence 
and nature of these compounds is described. 


EXPERIMENTAL 


Collection and Extraction-The aerial parts of A. millefolium were 
collected during the flowering stage from an open field near Scots Bay, 
Kings Co., Nova Scotia in September, 1979l. The plant material was dried 
in a forced-air oven a t  60" and ground in a Wiley mill to a coarse powder 
(0.5 cm). This material (2.09 kg) was placed in a stainless steel tank and 


~~ 


'The plant material utilized in this investigation was identified as Achillea 
rnillefooliurn (L.) (Compositae) by Dr. M. J. Harvey, Department of Biology, Dal- 
housie University. Herbarium samples (Number 79-03) representing material 
collected for this investigation are available for inspection at the College of Phar- 
macy, Dalhousie University. 
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Table I-Nuclear Magnetic Resonance Assignments for Yarrow Triterpene Acetates 


Group a-Amyrin P-Amyrin Taraxasterol $ -Taraxaster01 
Assimment Identitva Shiftb Identity" Shift Identitya Shiftb Identity" Shiftb 


0 


CH3-C 3H,s 0.81 6H,s 0.84 9H,s 0.85 3H,s 0.74 
CH3-C 9H,s 0.89 12H,s 0.89 3H,s 0.87 3H,s 0.85 
CH3-C 3H,s 0.93 __ - 3H,s 0.93 3H,s 0.86 
CH3-C 3H,s 1.00 6H,s 0.98 - - 3H,s 0.88 
CH3-C 3H,s I .02 __ - 3H,s 1.02 3H,s 0.95 
CH3-C 3H,s 1.08 _- - - - 3H,s 1.05 
CH3-C - - _- - 3H,dC 1.02 3H,dc 1.04 
CH3-C= - - -_ - - - 3H,s 1.66 
CH2--CH=C 2H,m 1.90 2H,m 1.90 
CH3-CO 3H,s 2.06 3H,s 2.06 3H,s 2.05 3H,s 2.05 
CH3-CH - - -_ - 1H,m 2.10 1H,m 2.10 
CH~EC-CH - - - - 1H,m 2.40 - - 


4.50 CH-OAcetate lH,td 4.53 lH,td 4.53 lH,td 4.50 lH,qe 
CH2=C - __ - 2H,m 4.60 - 
CH=C I K t f  5.14 1H,tE 5.18 - - lH,dC 5.27 


0 In deuterochloroform; number of hydrogens, multiplicity (d = doublet, m = multiplet, q = quartet, s = singlet, t = triplet), J = coupling constant. 


- - - - 


- 


6, ppm. J = 
6 Hz. J = 7 . 1 1  Hz. I J  = 3-4 Hz. g J = 6 Hz. 
macerated in chloroform-methanol (LI, v/v) for at  least 24 hr; the extract 
was then drained from the tank. This process was repeated 3 times; the 
extracts were then combined and the solvent removed in uacuo, pro- 
ducing a dark green, waxy mass (78.8 g). This material was saponified 
following a published method (11). The nonsaponifiable portions were 
extracted with ether and the solvent was removed in uacuo. yielding an 
amber-colored residue (34.2 g). 


Thin-Layer Chromatography-The nonsaponifiable portions were 
fractionated by preparative TLC using plates coated with silica gel2 (11). 
Following visualization procedures, the sterols appeared as a red band 
(Rf = 0.25) and the triterpenes as a red-brown band Rf N 0.40). The 
material from these two bands was recovered by extracting the silica gel 
with ether and chloroform (12). 


The triterpene band, converted to acetates (12), was further frac- 
tionated using silica gel2 impregnated with silver nitrate (13). The visu- 
alization process, using 2',7'-dichlorofluorescein (13), indicated that six 
bands were present; these were numbered according to increasing Rf .  
Following recovery from the silica gel with ether and chloroform, bands 
3,4, and 5 gave positive Liebermann-Burchard tests (14) for triterpenes. 
Bands 1, 2, and 6 produced negative tests and were not considered for 
further study. 


Gas-Liquid Chromatography-The sterol fraction was analyzed 
using SE-30, OV-I, OV-17, and 0V-2253 columns4, authentic reference 
standards, and cholestane as an internal standard (15). The triterpenes 
were similarly analyzed using SE-30,0V-17, and OV-225 columns and 
respective oven temperatures of 290,275, and 250'. The acetates (12) of 
the taraxasterols and their dihydroderivatives were analyzed using OV-1 
with an oven temperature of 275" and OV-17 and OV-225 columns. 


Nuclear Magnetic Resonance Spectroscopy-All spectra were 
recorded in dilute solutions in deuterated solvents using tetramethyl- 
silane as the internal reference5v6. 


Gas Chromatography-Mass Spectrometry-GC-mass spectrom- 
etry studies7 were performed on a high-capacity 3% OV-1 flexible quartz 
capillary column8 (25 m X 0.3-mm id.), which was directly interfaced to 
the source of the mass spectrometer. Electron impact mass spectra were 
determined at 70 eV and a source temperature of 260" (indicated). Source 
temperature was 230' (indicated) for the positive ion chemical ionization 
mass spectrometric studies. Methane was used as the ionizing gas a t  a 
source pressure of 0.02 torr (indicated), and helium was used as the carrier 
gas (2 ml/min). 


Taraxasterol and pseudotaraxasterol acetates were also run on an OV-1 
packed columng with an oven temperature of 290" and with helium as 
the carrier gas (35 ml/min). 


Hydrogenation-Sufficient samples (2-3 mg) of taraxasterol acetate, 
~ ~ ~~~~ 


* Silica gel H, Brinkmann Instruments (Canada) Ltd., Toronto, Ontario, Canada, 
catalog number 7736. 


Three percent on 100-120 mesh Chromosorb W-HP. 
Chromatographic Specialties, Brockville, Ontario, Canada. 
Preliminary NMR spectra were recorded on Varian A-60, T-60, and CFT-20 


spectrometers of Dalhousie University, Halifax. 
The 220 MHz NMR spectra were recorded on a Varian HR-220 spectrometer 


located at theCanadian 220 NMR Centre, Department of Medical Genetics, Uni- 
versity of Toronto. 


Finnigan-MAT 4000 GC-MS quadrapole mass spectrometer coupled to an 
INCOS data system. 


Hewlett-Packard (Canada) Ltd., Mississauga, Ontario, Canada. 
Three percent on 100-120 mesh Gas Chrom. Q, 200 cm X 2 mm, Chromato- 


graphic Specialties, Brockville, Ontario, Canada. 


pseudotaraxasterol acetate, and a-amyrin acetate fractions were dissolved 
in ethanol. Each was hydrogenated in a microhydrogenatorlo at  room 
temperature and pressure using palladiumxharcoal as the catalyst. After 
3 hr, the reaction medium was filtered to remove the catalyst and reduced 
to dryness in uacuo. 


Authentic Samples-Authentic samples of cholestane", 6-sitost- 
erol", stigmasterol", cholesterol12, campestero1l3, a- and &amyrin'* 
were purchased; taraxa~terol '~ and pseudotaraxasterol acetatex6 were 
gifts. 


RESULTS AND DISCUSSION 


Quantitative TLC indicated that sterols and triterpenes represented - 6 and 54%, respectively, of the nonsaponifiable materials in yarrow (11). 
GLC studies of the TLC fractions demonstrated that p-sitosterol was the 
major sterol present, representing -75% of the sterols. Campesterol 
(lo%), cholesterol (5%), stigmasterol (3%). and an unidentified sterol (6%) 
were also present. Sequential coinjection of the sterol fraction recovered 
from TLC with each of the authentic sterols produced single, symmetrical 
peaks, verifying the identity of these four sterols from yarrow. 


Similar studies of the triterpene fraction using the SE-30 column in- 
dicated that there were four triterpenes in the material recovered from 
the TLC fractions. The OV-17 column presented a split peak, indicating 
the presence of at  least five triterpenes. Complete separation, achieved 
on an OV-225 column, established that yarrow contained seven triter- 
penes. Comparison with authentic material verified that a-amyrin was 
the major triterpene present, representing -42% of this fraction; 8-amyrin 
(33%) and taraxasterol (18%) were also identified in this way. A fourth 
triterpene, tentatively identified as pseudotaraxasterol(4%), and three 
unidentified triterpenes accounted for the balance of this fraction 
(3%). 


The triterpene fraction was acetylated (12) and subjected to argenta- 
tion chromatography (13,16, 17) to obtain sufficient amounts of pseu- 
dotaraxasterol to conduct instrumental and chemical analyses. Initially, 
six bands were obtained, although only bands 3,4, and 5 produced posi- 
tive Liebermann-Burchard tests (14) following elution from the silica 
gel. Bands 3,4,  and 5 were each subjected to further argentation chro- 
matography. In this manner i t  was possible to obtain a few milligrams 
of a- and 8-amyrin acetates from band 5, pseudotaraxasterol acetate from 
band 4, and taraxasterol acetate from band 3. Each of these samples was 
at  least 80% pure, and nuclear magnetic resonance (NMR) (Table I) and 
GC-mass spectrometry (Tables I1 and 111) data were collected for 
each. 


The NMR spectra of a- and 0-amyrin acetates and taraxasterol acetate 
in deuterochloroform and deuterobenzene were in keeping with similar 
compounds (18,19). 


The electron impact mass spectra of a- and P-amyrin acetate agreed 


lo Supelco, Inc., Bellefonte, PA 16823. 
l1 Sigma Chemical Co., St. Louis, Mo. 
l2 Fisher Scientific Co., Montreal, Quebec, Canada. 
l3 Applied Science, State College, Pa. 
l4 Pfaltz and Bauer, Inc., Stamford, Conn. 
l5 Professor T. R. Watson, Pharmacy Department, University of Sydney, Sydney, 


l6 Dr. R. V. Madrigal, Northern Regional Research Laboratory, USDA, Peoria, 
Australia. 


Ill. 
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Table 11-Relative Intensities in the Electron Impact Mass Spectra of Yarrow Triterpene Acetates 


Capillary Column 
Pseudo- 


m l z  a-Amyrin 0-Amyrin Taraxasterol taraxasterol Dihydrotaraxasterol 


Packed Column 


Taraxasterol taraxasterol 
Pseudo- 


470” 
468n 
410 
408 
395 
393 
326 
249 
229 
218 
204 


- 


0.4 


- 
0.7 
- 


100 
- 


- 
0.4 
- 


- 
1.7 


1.6 


0.8 


6.7 
3.6 
5.0 


- 


- 


- 


14 
203 27 51 15 
191 7.5 3.4 31 
189 44 19 100 
175 12 11 23 
161 18 8.6 23 
149 15 7.2 18 
147 
137 
135 


23 
10 
42 


133 32 
123 30 
121 38 
109 44 
107 45 


15 


18 
15 


- 
3i  
11 
55 
28 


9.2 32 
19 74 
20 81 
23 72 


- 
0.2 


0.3 


0.5 


4.3 


2.2 


- 


- 


- 


- 


0.3 


0.8 


0.9 


- 


- 


- 


8.7 


1.6 
- 


9.3 
16 


100 
19 
14 
12 
18 


44 
32 
36 
77 
64 
65 


8.1 


6.9 
36 


100 
12 


15 
10 
24 
35 
12 
48 


9.4 


~. 


47 
51 
45 


- - 
9.5 3.6 


8.2 8.6 


3.4 2.8 
- 0.9 
12 8.8 


7.7 4.3 


- - 


- - 


- - 


- - 
16 15 
24 60 


100 100 
21 26 
20 26 
17 25 


32 
11 13 
43 47 
21 42 


- 


25 29 
52 69 
57 51 
43 50 


Molecular ion (M+). 


Table 111-Relative Intensities in the Chemical Ionization Mass 
Spectra of Yarrow Triterpene Acetates a 


m/z a-Amyrin P-Amyrin Taraxasterol Pseudotaraxasterol 


468 0.2 0.1 0.2 0.1 
453 0.1 0.2 0.1 0.1 
409 63 38 58 55 
408 49 31 28 32 


6.3 394 
393 24 16 25 25 


- 0.4 327 - - 
- 0.2 326 


249 2.3 2.3 3.1 2.3 
219 38 34 39 - 
218 58 43 9.0 - 
205 60 64 73 - 
203 38 49 49 - 
191 62 69 99 - 
189 37 42 47 - 


- - - 


- - 


137 46 51 35 
135 41 39 30 
133 23 24 15 
123 27 66 65 


16 
16 
44 
13 
34 
33 
19 
48 


121 43 41 41 41 
109 100 100 100 100 
107 32 35 21 20 


Methane was the ionizing gas. Molecular ion (M+). 


with published data (13), while that of taraxasterol acetate was in keeping 
with predicted fragmentation patterns (20,21). The positive chemical 
ionization mass spectra for these compounds differed only in the relative 
abundance of the fragment ions. All showed a base peak a t  mlz 109. 


Direct comparison with authentic samples by GLC, NMR, and GC- 
mass spectrometry confirmed the identity of these three triterpene ac- 
etates. 


The identification of pseudotaraxasterol (Ji-taraxasterol) was the most 
difficult and frustrating aspect of this research. Previous investigators 
also encountered this problem. As early as 1938 it was stated (22) that 
the material Power and Browning (23) had called homotaraxasterol was 
“a difficultly separable mixture of taraxasterol, Ji-taraxasterol, and 
possibly other unidentified substances.” 


The 220-MHz NMR spectrum provided valuable information that 


and for the corresponding methine hydrogen (4.50 ppm) that were in 
keeping with the spectra described previously. 


The spectrum also showed six methyl singlets present between 0.74 
and 1.05 ppm. The three resonances that provided the most data, how- 
ever, were those a t  1.04,1.66, and 5.27 ppm. The first was a three-proton 
doublet ( J  = 6 Hz), which corresponded to the features expected of a 
methyl group a t  a tertiary carbon. The signal at 1.66 ppm was not clearly 
defined, but contained a broad three-proton singlet corresponding to a 
vinylic methyl group. These groups normally appear in this region 
(1.63-1.80 ppm), and, although usually sharp and well defined (la), they 
may appear as a broad, less well defined peak a t  - 1.67 ppm (19). Irra- 
diation experiments showed that a methine hydrogen coupled to the 
olefinic proton a t  5.27 ppm also appeared a t  this resonance. This latter 
resonance was perhaps the most useful one in the entire spectrum. This 
one-proton signal appeared as a broad doublet ( J  = 6 Hz), the broadening 
presumably caused by additional coupling. The appearance of such a 
one-proton signal indicated that the other olefinic carbon was quaternary 
and either at a ring junction or bonded to  a methyl group. 


T o  determine the skeletal structure of the triterpene in question, a 
small amount was hydrogenated and the product was compared with 
those obtained by hydrogenating taraxasterol acetate and a-amyrin ac- 
etate. Of the limited number of compounds (A5, Ag, Al2, A20) that would 
produce the same product of catalytic hydrogenation as taraxasterol 
[A20(30)] and a-amyrin (A1z), only pseudotaraxasterol (Azo) fit the ad- 
ditional experimental facts presented by the NMR spectrum and by the 
mass spectrometry data to be discussed. 


The GC-mass spectrometry data were obtained by both electron im- 
pact and methane positive chemical ionization. Although the diagnostic 
peak m/z 386 produced from cleavage of ring E (19) was absent in all 
spectra, a small peak a t  mlz 326 (386-acetic acid, 0.9%) occurred in the 
spectrum obtained by electron impact-mass spectrometry using a packed 
column and also a t  mlz 327 (0.4%) and 326 (0.2%) when positive chemical 
ionization-mass spectrometry and a capillary column were used. These 
peaks were not observed in the corresponding spectra of taraxasterol 
acetate. The hydrogenation experiment supplied further proof that the 
structure of pseudotaraxasterol was the correct assignment. Upon cata- 
lytic hydrogenation, both taraxasterol acetate and pseudotaraxasterol 
acetate produced a common product, dihydrotaraxasterol acetate. 
GC-mass spectrometry of these two products produced identical electron 
impact and positive chemical ionization spectra. 


Conclusive proof of identity occurred when positive chemical ionization 
mass spectrometry and GLC on OV-17 and OV-225 columns showed that 
a sample of pseudotaraxasterol acetate17 was identical to the pseudo- 
taraxasterol acetate isolated from yarrow. 


helped to identify this compound as pseudotaraxasterol. The spectrum 
of the acetate contained peaks for the acetate methyl group (2.05 ppm) l7 A gift from Dr. R. V. Madrigal. 
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The second and smaller GLC peak obtained from the hydrogenation 
of taraxasterol acetate is believed to be the C-20 isomer (2Oa-methyl). 
This material produced a mass spectrum that was essentially identical 
to that of the other dihydrotaraxasterol acetate. 


Thus, using modern instrumental techniques, four sterols and four 
triterpenes of yarrow were identified. P-Sitosterol was the major sterol 
and a-amyrin the major triterpene present. Other sterols identified were 
cholesterol, campesterol, and stigmasterol while the other triterpenes 
were P-amyrin, taraxasterol, and pseudotaraxasterol. Another study (24) 
found that pseudotaraxasterol occurred in Tanacetum uulgare L. (as did 
the other compounds) but it was not positively identified at that time due 
to sample size. 


This study confirms that stigmasterol (9) and p-sitosterol(9,lO) are 
present in yarrow. I t  is also the first time that cholesterol, campesterol, 
a- and P-amyrin, taraxasterol, and pseudotaraxasterol have been re- 
ported in yarrow, although the presence of sterols and triterpenes have 
been previously noted (3-5,lO). No diols (10) were identified, although 
the possibility remains that they may have been the compounds observed 
with the longer relative retention time. 


Much of the time and effort of this project was spent applying modern 
instrumental techniques to resolve a problem that has plagued chemists 
for over half a century-how to separate and identify taraxasterol and 
pseudotaraxasterol(22, 23). 
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EDlTORlA L 


Toward a Standardized ID System for Drugs 


In his writings, and particularly in 1984-the well-known novel 
predicting the totality of government bureaucratic involvement 
in society and our private lives-George Orwell forecast that 
numbers would gradually replace names as the common means 
of identifying virtually everyone and everything. 


We are now only a couple of years away from that fateful date, 
and already we see that much of what Orwell predicted has come 
to pass. For example, it  seems more important today for a person 
to have a Social Security number than it is to have a name. Just 
try filing your income tax, or getting a driver’s license, or regis- 
tering in college, or opening an interest-bearing account, or 
cashing a check, or filing a health insurance claim form, and so 
on ad infinitum, without giving a Social Security number. One 
quickly finds that, if not impossible, it  is very difficult at  best. 
But yet, none of these activities has even a remote bearing on 
Social Security or the intended purpose in issuing Social Security 
numbers. 


Numerous other examples-from the universal price codes 
appearing on packaged food products, to long-distance direct dial 
telephone numbers, to nine-digit zip codes, to personal charge 
account numbers-can be cited from everyday life that  also il- 
lustrate how numbers and numeric codes have virtually taken 
over how we now operate in daily living. 


All this is happening because, whether we like it or not, these 
systems generally work. They provide fast access, ready location, 
foolproof identification, ease of information storage, and similar 
advantages. As we move closer to the computerized age, such 
benefits will continue to grow in both kind and degree. 


But one area has somehow remained outside of, or a t  most on 
the fringes of, our otherwise successful efforts to manage various 
affairs and activities by developing and applying useful and 
logical numbering systems. 


That area is drug identification. True, we do have a “National 
Drug Code,” and NDC numbers do appear in drug company 
catalogs, on product labels, and in a few other places. But NDC 
numbers are not in wide use and it is clearly evident that they are 
not now-and never will become-an adequate and useful sub- 
stitute for the drug or drug product name in a manner compa- 
rable to Social Security numbers as identifiers for people. 


Why is this? 
Even a cursory familiarity with the NDC system makes the 


answer clearly evident. Namely, the NDC numbering system has 
virtually no consistency or standardization. 


Each NDC number is comprised of three segments: the first 
segment is unique to the manufacturer, and that portion is rea- 
sonably satisfactory (although such things as company mergers 
have created some room for improvement even there); the second 
segment is used to identify the drug entity; and the third segment 
identifies the dosage form. It  is in these latter two portions of the 
NDC numbering system that there is absolutely no consistency 
or standardization. 


Each individual drug company is completely free to use 


whatever number it wishes to identify the drug and the dosage 
form. The result, of course, is that there is no uniformity because 
everyone uses a different number to identify both the same drug 
moiety and the same dosage form. 


How much better it would be if the system were standardized 
so that a single, uniform number was applied to tetracycline, and 
similarly that another single, uniform number was used to des- 
ignate 250-mg capsules. The composite NDC number then would 
be light years more useful as a means of drug identification, of 
simplifying such public health measures as poison prevention and 
treatment, of inventorying and stocking pharmacy shelves, of 
processing drug reimbursement claims, of more rational drug 
prescribing, and so on. 


Washington rumors are that federal budgetary squeezes may 
cause the Food and Drug Administration to close down its office 
that runs the NDC system, thereby abandoning the system itself. 
Undoubtedly, had the present NDC numbering system been 
more effective, it  would have enjoyed much greater use, thereby 
making its elimination less attractive to the budget-cutters. 


In a concurrent development, the National Association of 
Pharmaceutical Manufacturers-the so-called “generic manu- 
facturers association’’-recently recommended to FDA that a 
set of uniform drug identification numbers based on the active 
ingredients be established at  the federal level. This proposal was 
primarily prompted by legislation or regulations being adopted 
a t  the state level concerning drug product identification. The 
NAPM even went a step further with its suggestion by generating 
a proposed alpha numeric “ID list” covering over 600 drug en- 
tities in specific dosage forms. 


Based upon our review, the NAPM identification scheme itself 
is not as useful as it would be if drug entity and dosage form were 
two separate components of the composite ID number, and if 
each of these two elements were standardized separately. 


However, that really is only a detail of implementation. The 
key point is the recommendation that the system itself be stan- 
dardized. In that, they have our wholehearted support. 


Critics will claim that the NAPM has its self-interest reasons 
for urging the adoption of such a standardized system. That is 
true; just as it is also true that the brand name segment of the 
drug industry had its self-interest motives for opposing a stan- 
dardized approach years ago when the NDC system was originally 
developed. 


The important consideration now is the broader picture of all 
that can be done using today’s and tomorrow’s computer tech- 
nology if only there were a compatible drug numbering system. 
It  is ironic that the industry that was so far-sighted as to pioneer 
in the use of the metric system on a commercial level is now the 
laggard in permitting full adaptation to a standardized drug 
numbering system, with its associated technological bene- 
fits. 


Clearly, it is a time for statesmanship in the board rooms of the 
nation’s major drug companies. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


Washington, DC 20037 
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A b s t r a c t  A rapid, simple, stability-indicating assay procedure for 
suprofen, a new analgesic agent, in suprofen drug substance and in cap- 
sules was developed using high-performance liquid chromatography. 
Suprofen was extracted from the sample matrix with methanol and di- 
luted with internal s tandard solution, and  a n  aliquot was chromato- 
graphed on a reversed-phase column using acetonitrile-a pH 3.0 buffer 
solution as  the mobile phase. T h e  selectivity of the chromatographic 
system for intact suprofen was demonstrated by resolving suprofen from 
synthetic intermediates, potential impurities, and reaction products 
resulting from accelerated stress conditions. T h e  method is linear, 
quantitative, and reproducible. Either peak height or peak area ratios 
can be used for quantitation. 


Keyphrases  Suprofen-high-performance liquid chromatographic 
determination in drug substance and capsules High-performance liquid 
chromatography--determination of suprofen in drug substance and 
capsules Analgesics-high-performance liquid chromatographic de- 
termination of suprofen in drug substance and capsules 


Suprofen, cu-methyl-4-(2-thienylcarbonyl)benzeneacetic 
acid (I), is a potent, new analgesic agent (1,2) and inhibitor 
of prostaglandin synthetase (3,4).  Two analytical methods 
were previously reported for suprofen drug substance; a 
TLC method ( 5 )  was used to  monitor suprofen stability 
and a high-performance liquid chromatographic (HPLC) 
method (6) was used to determine suprofen and its known 
metabolites in plasma. 


This paper describes a rapid, simple, stability-indicating 
HPLC method for suprofen in suprofen drug substance 
and in capsules containing either 100 or 200 mg of su- 
profen. 


E X P E R I M E N A L  


Apparatus-The liquid chromatograph’, equipped with a constant- 
displacement pump2 and a UV detector’ (254 nm),  was operated a t  am-  
bient temperature. Chromatograms were traced on a strip-chart recorder4 
or drawn hy computer5. All analyses were performed using a :%.9-mm X 
:Wcm reversed-phase column6. Generally, an automatic sampler: was 
used t o  inject samples onto the column, but  a septumless injectorx or a 
lixed-loop injectorg was also used. Peak height and peak area integrations 
and calculations were performed hy computer5. 


Materials-All chemicals were reagent grade unless noted otherwise 
and were purchased from commercial sources. 4-Nitrobenzoic acid“), 
acetonitrile”. and methanol” were used without additional purifica- 
tion. 


Chromatographic  Conditions--The mobile phase was acetoni- 


Model A I X  2002, Waters Associates. ,Milford. Mahs. 
Model M-f(M0, Waters Associates, Milford, Mass. 


Omniscribe recorder model MI I7-lX. Houston Instruments. Austin, ’Tex 


WISP autosampler model 710A. Waters Associates. Millord. MHSS 


,’ Model 1-10, Waters Associates. Milford. Mass. 


” Mvdel X354C‘, Hewlett-I’ackarri, Avondale, Pa. 
li pI3ondapak Cia, Waters Associates, Milford. Mass. 


” Midel  U6K. Waters Associates. Milford, Mass. 
!I Model 71%. Hheodyne Inc.. Cotati, Calif. 
I‘J Catalog No. K1179-5. Aldrich Chemical Cu., Milwaukee, Wia. 
I I  I)istilled in glass. Hurdick & Jackson. Muskegon. Mich. 


trile-pH 8.0 buffer solution (32). T h e  pH 3.0 buffer solution was prepared 
by adding a 0.02 M dibasic sodium phosphate heptahydrate solution to  
a 0.01 M citric acid monohydrate solution until the  solution pH was he- 
tween 2.97 and 3.04. At least 500 ml of this solution was passed through 
a 0.22-pm filterI2, and 400 ml was thoroughly mixed with 600 ml of ace- 
tonitrile. The  solution was sonified13 for 15 min to degas the mixture and 
then equilibrated in the  HPLC system a t  a rate of 0.5 ml/min. 


I n t e r n a l  S t a n d a r d  Solution-The internal standard was 4-nitro- 
benzoic acid prepared as  a 1.2 mg/ml solution in methanol. 


S t a n d a r d  Solution-Suprofen standard, -50 mg, was accurately 
weighed and transferred into a 25-ml volumetric flask; then it was dis- 
solved and diluted to  volume with methanol. Five milliliters of this so- 
lution was pipetted into a 10-ml volumetric flask. The  flask was then 
diluted to volume with internal standard solution. 


S t a n d a r d  Chromatogram-Two microliters of the standard solution 
were injected into the liquid chromatograph. The  peak heights and peak 
areas obtained were used in the calculations for suprofen. 


S u p r o f e n  S y n t h e t i c  In te rmedia tes ,  Impuri t ies ,  a n d  React ion 
P r o d u c t s  f r o m  Accelerated Stress Studies---tr-Hydroxy-tu-meth- 
yl-4-(2-thienylcarbonyl)benzeneacetic acid (11). 4-carboxy-n-methyl- 
benzeneacetic acid (III), methyl-tr-methyl-4-(2-thienylcarbonyl)ben- 
zeneacetic acid (IV), ethyl-4-(2-thienylcarbonyl)benzene (V) ,  4-acetyl- 
n-methylbenzeneacetic acid (Vl) ,  cu-methyl-4-(~-thienylcarbonyl) ben- 
zene acetonitrile (VII), (l-bromoethyl)-4-(2-thienylcarbonyl)ben~ene 
(VIII), diethyl-2-methyl-2-~4-(2-thienylcarhonyl~phenyl] - 1 ,:l-propan- 
edioate (IX), 4-fluorophenyl-2-thienylmethanone (X) ,  tu-methyl- 
4-(‘L-thienylcarbonyl)benzene acetamide (XI) ,  2-lluorophenyl-2-thien- 
ylmethanone ( X I I ) ,  3-fluorophenyl-2-thienylmethanone ( X I I I ) ,  


CH,, 


OH n H 


I 


CII, (‘€1 , 
I1 111 


0 u 


CH ~ 


VI 


CH ~ 


V 


I:! 
I:’ 


Millipore filter type G C .  
Model SC-ZOOT. Sonicar Instrument 


~ 


Carp.. Copiaque. K.Y 
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Figure 1-Typical 
chromatogram ob- 
tained from a supro- 
fen(1) capsule sample. 
Key: peak 1, internal 
standard; and peak 2, 
suprofen. 


6 12 
MINUTES 


oc-methyl-4-(5-chloro-2-thienylcarbonyl)benzeneacetic acid (XIV), 2- 
[4-(2-thienylcarbonyl)phenoxy]propanoic acid (XV), methyl-4-(2- 
thienylcarbony1)benzene (XVI), and 4,4-carbonylbis(cu-methylbenzene- 
acetic acid) (XVII) were obtainedI4 and chromatographed as methanolic 
solutions (-2 mg/ml). 


Accelerated Stress Studies-Accelerated degradation of suprofen 
was accomplished by several methods: 


1. Suprofen drug substance (50.6 mg) was heated at  its melting point 
of 124' for 1 hr in an oil bath. 


2. Suprofen drug substance (50.5 mg) was dispersed in 5.0 ml of 1 N 
HC1 and kept at  50" for 72 hr. 


3. Suprofen drug substance (50.6 mg) was dispersed in 5.0 ml of 1 N 
NaOH and kept at  50' for 72 hr. 


4. Suprofen drug substance (50.2 mg) was dispersed in 5.0 ml of 3% 
hydrogen peroxide solution and kept at  50' for 72 hr. 


After 72 hr, the acid and base samples were neutralized and diluted 
to 25.0 ml with methanol. The excess peroxide was destroyed by gently 
heating the solution and then diluting to 25.0 ml with methanol. The 
sample heated at  its melting point was made to 25.0 ml with meth- 
anol. 


TLC Studies-TLC evaluation of the accelerated stress samples was 
carried out by spotting the equivalent of 100 pg of suprofen on silica gel 
plates15 and developing them 15 cm in tanks lined with adsorbent paper 
in each of the following systems: System I, n-hexane-chloroform- 
methanol-strong ammonia (50:30201), suprofen Rf 0.18; System 11, 
n-hexane-dioxane-acetic acid (80:20:1), suprofen R/ 0.12; and System 
111, chloroform-methanol-methyl ethyl ketone (40:3030), suprofen Rf 
0.48. Visualization was by short wavelength UV light (254 nm). 


Suprofen Recovery Studies-To simulate 100 mg of suprofen cap- 
sules, an accurately known amount of suprofen drug substance was 
transferred to a 50- ml volumetric flask containing 120 f 2 mg of placebo. 
For 200-mg suprofen capsules, an accurately known amount of suprofen 
drug substance was transferred to a 100-ml volumetric flask containing 
135 f 2 mg of placebo. For both studies, 10 individual synthetic samples 
were prepared. The 200-mg study was conducted by two different oper- 
ators on different days. Methanol was added to the flasks, which were 
then shaken16 for 15 min. After the flasks were made to volume with 
methanol and thoroughly mixed, a portion of the solution was filtered17 


l4 Janssen Pharmaceutica, Beerse, Belgium. 
Silica gel 60F-254, 0.25-mm thickness plates, E. Merck, Darmstadt, West 


Germany. 
l6 Model 75 wrist action shaker, Burrel Corp., Pittsburgh, Pa. 
'7 Millipore filter type FHLP, 0.22 pm pore size. 


CH, CH, 
VII vn1 


0 


CYj 
M 


0 H 


X CHJ 
XI 


using a syringe equipped with a Swinny adapter. A 5.0-ml aliquot of the 
filtrate was pipetted into a 10-ml volumetric flask, which was then diluted 
to volume with internal standard solution. Then 2 - 4  portions were in- 
jected into the liquid chromatograph using either manual or automated 
injection techniques. 


The suprofen recovery was calculated from: 


percent suprofen = !k? X % X D X 100 (Eq. I )  


where R,,, and Retd is the peak area or peak height ratio of suprofen to 
the internal standard for the sample and standard, respectively; Wstd is 
the weight of suprofen standard; W,,, is the amount of suprofen taken; 
and D is a dilution factor, which is equal to 2 for the 100-mg spiked pla- 
cebo capsules and 4 for the 200-mg spiked capsules. 


Suprofen in Capsules-The contents of 20 suprofen capsules were 
weighed to determine the average capsule fill weight (Cavg) and were 
thoroughly mixed. For 100-mg suprofen capsules, duplicate 220 f 3-mg 


Rstd Wsam 


X!UI CHj 
XIV 


n H 
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Figure 2-Chromatogram show- 
ing separation of I f rom various 
structurally related compounds. 
Key: peak 1, I l l ;  peak 2, X V; peak 
3, XVII; peak 4, I ;  peak 5 ,  VII;  
peak 6,  XVI;  peak 7 ,  X ;  and peak 
8, IX. Peak 9 is an impurity in I X .  
Peaks lOand 1 1  are unknown im- 
purities. 


0 6 12 18 24 
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samples were accurately weighed and transferred to a 50-ml volumetric 
flask. For 200-mg suprofen capsules, duplicate 335 f 3-mg samples were 
accurately weighed and transferred to a 100-ml volumetric flask. The 
samples were assayed as already described and calculated as follows: 


RWlm milligrams of suprofen per capsule = - 
Rstd 


X D X Cavg (Eq. 2) Wstd X- 
Wsam 


Suprofen Drug Substance-The suprofen content of suprofen drug 
substance was determined by treating it like a suprofen standard solution. 
If samples are assayed for purity, the internal standard need not be added, 
although a fixed-loop injector should be used. The suprofen content may 
be calculated using Eq. 1 with a dilution factor (D) equal to 1. 


System Suitability-The chromatographic system is considered to 
be performing satisfactorily if the internal standard has a retention time 
of 6.5-8.0 min, suprofen has a retention time of 9.0-11.0 min, and the 
calculated resolution between the two compounds is a t  least 2.0. 


RESULTS AND DISCUSSION 


The resolving power of the chromatographic system was demonstrated 
by chromatographing suprofen and a structurally related series of com- 
pounds that arise from various synthetic schemes as intermediates (V 
and VII-X), potential impurities (11, IV, and XI-XVII), or reaction 
products (111 and VI) resulting from stress studies. The resolution of 
suprofen and the internal standard in a typical capsule sample is dem- 
onstrated in Fig. 1. Several mixtures of suprofen and the structurally 
related compounds were prepared and chromatographed to show the 
resolution obtained. The chromatograms resulting from these mixtures 
are shown in Figs. 2-4. Compounds 11, VI, and XI were not totally re- 
solved from the internal standard; if their presence in the sample is sus- 
pected, the internal standard should be deleted and the sample reinjected 
using a fixed-loop injector. Each compound was chromatographed with 
suprofen, and the relative retention time and resolution ( R )  were calcu- 
lated with respect to suprofen (Table I). 


Suprofen drug substance that was thermally stressed a t  its melting 
point afforded 97.8% recovery of suprofen with no extraneous peaks ob- 
served in its chromatogram. The sample subjected to peroxide oxidation 
afforded 97.4% recovery of suprofen. The chromatogram of this sample 
showed an extra peak with a retention time of 5.5 min. The suprofen 
sample subjected to acid hydrolysis afforded quantitative recovery of 
suprofen and did not show any extra chromatographic peaks. The sample 


lr 


Figure 3-Chromatogram show- 
ing separation of I from various 
structurally related compounds. 
Key: peak I ,  V l ;  peak 2, I ;  peak 3, 
X l V ;  peak 4,  X l l I ;  and peak 5, 
VIII. 
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subjected to base hydrolysis turned yellow during the 72-hr interval and 
afforded 92.8% recovery of suprofen. The chromatogram of this sample 
showed two extra small peaks a t  6 and 7 min. 


The stressed samples were qualitatively examined by TLC for any 
additional unknown spots using basic (System I), acidic (System 11). and 
aprotic (System 111) solvent systems. TLC evaluation was chosen because 


Table  I-Chromatographic Data for Suprofen and  Structurally 
Related Compounds 


Relative 
Retention Resolution 


Compound Time ( R )  
I 1.0 - 


2.0 
q , 7  


0.78 
/I “1 


I1 
T,T 
111 
IV 
V 


VI 
VII 


VIII 
IX 
X 


XI 
XI1 
XI11 
XIV xv 
XVI 


XVII 


u. I I 
1.54 
2.12 
0.81 
1.34 
2.11 
2.10 
1.49 
0.86 
1.39 
1.53 
1.36 
0.91 
1.71 
0.84 


9. I 


5.3 
8.6 
2.5 
3.4 
8.3 
9.4 
4.7 
1.8 
3.9 
5.6 
3.5 
1.1 
6.1 
1.9 


Table  11-Suprofen Recovery: 100-mg Dose Using Peak Height 
Rat io  


Operator la Operator 2b 


Added, Found, Recovery, Added, Found, Recovery, 
mg mg 70 mg mg % 


Suprofen Suprofen Suprofen Suprofen 


100.6 103 102 102.6 106 103 
100.4 103 103 101.4 101 99.6 
101.1 102 101 100.4 100 99.6 
100.2 102 102 101.8 104 102 
100.2 98.6 98.4 102.0 102 100 


Average recovery = 101 f 1.76% (SD), and percent deviation = f1.74%. Av- 
erage recovery = 101 f 1.56% (SD), and percent deviation = +1.55%. 
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Figure I-Chromatogram show- 
ing separation of I from various 
structurally related compounds. 
Key: peak I ,  11; peak 2, X I ;  peak 3, 
I ;  peak 4 ,  X I I ;  peak 5 ,  IV; and 
peak 6,  V. 
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all substances present in the stressed sample would he carried through 
the TLC system. If an unknown UV-absorbing substance in the sample 
did not migrate in the system, it would still be detectable a t  the origin. 
Qualitatively, each of the three systems afforded identical results. The  
thermally stressed sample and the acid hydrolysis sample showed only 
the presence of suprofen. The  peroxide-stressed sample, in addition to  
suprofen, showed a faint origin spot, which was in qualitative agreement 
with the HPLC results, which showed one extra peak. The base hydrolysis 
sample showed two extra spots, a small origin spot and a spot that  was 
not totally resolved from suprofen. These results were also in qualitative 
agreement with the HPLC findings. 


Since the HPLC system resolved suprofen from its synthetic inter- 
mediates, potential impurities, and reaction products from accelerated 
stress studies, showed drug loss due to decomposition in accelerated stress 
studies, and showed the presence of the same number of additional peaks 
from those studies compared to TLC, it was concluded that the method 
was stability indicating for suprofen. 


Using peak height ratios, the detector response was demonstrated to  
be linear over the range of 0.0997-2.00 p g / p l  of suprofen (1&200% of label 
claim). Linear regression analysis of the data yielded a slope of 0.978, an 
intercept of -0.00995, and a coefficient of determination ( r 2 )  of 0.9996. 
Using area ratios, the detector response was linear over the range of 
0.200- 1.50 pg/pl of suprofen (20-150% of label claim). Linear regression 
analysis of the data yielded a slope of 1.01. an intercept of +0.00194, and 
coefficient of determination of 0.9999. Thus, the detector response was 
linear with either peak height ratios or peak area ratios. 


The results of recovery studies conducted by two operators on 100 and 
200-mg suprofen spiked placebo capsules are shown in Tables I1 and 111, 


Table 111-Suprofen Recovery: 200-mg Dose Using Peak Height 
Ratio 


Operator 1" Operator 2h 


Added, Found, Recovery, Added, Found, Hecovery, 
mg mg ?6 mg mg 7" 


Suprofen Suprofen Suprofen Suprofen 


200.1 199 99.4 199.8 193 96.6 
200.8 200 99.6 200.1 200 100 
200.5 197 98.3 200.2 199 99.4 
200.0 198 99.0 201.3 2of3 102 
201.7 200 99.2 201.6 200 99.2 
200.6 201 100 200.3 198 98.9 
201.7 201 99.7 199.8 202 101 
200.9 200 99.6 202.3 201 99.4 
202.2 202 99.9 200.4 200 99.8 
201.5 199 98.8 202.3 200 98.9 


Average recovery = 99.4 f 0.5870, and percent deviation = fO.53%. b Average 
recovery = 99.5 f 1.42%, and percent deviation = f1.42%. 


Table IV-Analysis of Suprofen Capsules Using Peak Height 
and Peak Area Ratios 


Suprofen Suprofen 
Capsule by Peak by Peak Height/ 


Sample, mg Height, mg Area, mg Area" 


100 96.9 96.7 1.002 
98.1 97.6 1 .no5 


200 


~~ 


97.2 
101 
199 
196 
195 


. ... 


96.5 1.007 
99.7 1.013 


199 1.000 
196 1 .Ooo 
195 1 .Ooo 


197 197 1 .OOo 


Theoretical height/area ratio = 1.OOO. 


respectively, using peak height ratios to quantitate suprofen. Quantitative 
recovery of suprofen was obtained a t  both concentration levels. The 
overall recovery for the 30 samples was 100 f 1.45%. The equivalence of 
quantitating suprofen by either peak area ratios or peak height ratios is 
shown in Table IV, where actual suprofen capsules were assayed and 
quantitated by both techniques. As shown, the ratio of the peak height 
result to the peak area, result was essentially unity, indicating.no differ- 
ence between peak area and peak height results. 
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late the amine and gas chromatography with a nitrogen- 
specific detector to quantify it. Heating solutions of choline 
in 1 N sodium hydroxide a t  60" for 14 days produced de- 
composition products in quantities of parts per million 
measured as trimethylamine. The  rate and extent of de- 
composition appear to  vary directly with the hydroxyl ion 
concentration of the medium. 


Solutions of choline chloride, 2 mg/ml, were prepared 
in water with 0.01, 0.1, and 1.0 N sodium hydroxide. They 
were filled into 10-ml glass ampuls and sealed, then heated 
a t  steam bath temperature, -looo, for 21  days. Intact 
choline was estimated by a modification of the Reinecke 
salt colorimetric method (2), the modification consisting 
of sparging the solutions with nitrogen gas to  remove vol- 
atile amines. Three-milliliter portions of the ampule con- 
tents were acidified with sulfuric acid, 10 ml of 1% aqueous 
ammonium reineckate was added to each solution with 
stirring, and the mixtures were allowed to stand for 10 min. 
They were chilled in ice water and filtered through fine-frit 
sintered-glass crucibles. The precipitates were washed with 
ice water, then dissolved and made up to 10 ml with ace- 
tone. Absorbance of the solutions was determined in 1-cm 
cells a t  523 nm, and the choline concentrations were cal- 
culated by reference to a standard curve constructed by 
carrying scalar amounts of choline chloride through the 
colorimetric procedure. The results support the hypothesis 
that degradation increases with increase in hydroxyl ion 
concentration; 96.0% of intact choline remained with water 
as the medium, 92.9% with 0.01 N ,  89.8% with 0.1 N ,  and 
80.4% in 1.0 N alkali. 


Although drug decomposition at pH extremes generally 
is of little practical significance, it is important in this in- 
stance, for the pH of a saturated solution of oxtriphylline 
is >13. In a moist environment, oxtriphylline particles or 
granulation may be visualized as surrounded with a thin 
film of saturated solution. In support of this concept, it was 
found that adjustment of oxtriphylline granulations to  a 
lower degree of alkalinity resulted in an odorless product. 
(Since the pKa of theophylline is -8.8, a pH of 11 would 
afford all of the drug in the anionic form, yet the 100-fold 
reduction in hydroxyl ion concentration represented by 
the change from pH 13 to 11 minimizes the extent of de- 
composition.) 


Solutions of choline chloride containing 50 mg/ml were 
prepared in water with 0.01, 0.1, and 1 N sodium hydroxide 
solutions. Aliquots of 2 ml were pipetted into the outer 
chamber of microdiffusion cells' and 2 ml of 1 M citric acid 
was pipetted into the inner chamber. The cells were sealed 
with a fine-ground flat glass plate using a minimum 
amount of stopcock grease and placed in an oven main- 
tained at  60". They were removed a t  intervals and allowed 
to cool to room temperature. A 1-ml portion of the citric 
acid solution from the inner chamber was pipetted into a 
15-ml glass-stoppered centrifuge tube, then 3 ml of 30% 
chloroform in hexane and 5 ml of 1 N sodium hydroxide 
were added, the tube was stoppered and shaken for 5 min, 
and then centrifuged to obtain clear, immiscible phases. 
A 4-11 portion of the upper layer was injected into a gas 
chromatograph2 fitted with a nitrogen-specific detector, 


~ 


Conway microdiffusim cells, D9318, SGA Scientific. Bloomfield, N.J. 
Perkin-Rlmer model 900. 


using a 3.66-m X 2-mm i.d. glass column3. Temperatures 
were 110" for the column, 100" for the injection port, and 
150" for the detector. Hydrogen pressure was 3 psi and 
attenuation X 8. The retention time for authentic trime- 
thylamine was -2 min and its detection limit -5 ng on- 
column. Standard solutions of trimethylamine were pre- 
pared by serial dilutions of a 25% aqueous solution. Con- 
centrations of 13.3-266 ng on-column, in 6 increments 
(3.3-66.5 yg/ml), provided a rectilinear plot of concen- 
tration uersus peak area. 


No time-dependent data were obtained for the solution 
in water or the lower alkali concentrations over a 24-day 
period; the amount of trimethylamine that  diffused into 
the citric acid solution was -6 yg (or 12  ng on-column), 
close to the limit of detection. Losses due to  adsorption on 
glass surfaces or dissolution in the grease seal may be sig- 
nificant a t  this level. In 1 N NaOH, however, the trime- 
thylamine determined was 43 yg after 2 days a t  60" and 78 
pg after 14 days, when the experiment was terminated. 
These data, with intermediate points obtained at  4,7, and 
10 days, gave a pseudo first-order rate constant of 7.14 X 


day-l. The amount of trimethylamine determined 
after 2 weeks a t  60" represented <4 ppm of decomposed 
choline on a molar basis. 


(1) A. T. Babyan, L. K. Gamburyan, and E. 0. Chukhadzhyan, Dokl. 
Akad. Nauk Arm. SSR,  44,29 (1967); through Chem. Abstr., 67,43196~ 
(1967). 


(2) F. J .  Bandelin, J .  Am. Pharm. Assoc., Sci. Ed.,  37, 10 (1948). 
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28% Pennwalt 223 and 4% potassium hydroxide on SO/lOO mesh Gas Chrom 
R. 


Changes in Plasma Protein Binding of 
Drugs after Blood Collection from 
Pregnant Rats 


~ 


Keyphrases 0 Protein binding-plasma, changes after blood collection 
from pregnant rats In uitro-in uiuo correlation-plasma protein binding 
changes after blood collection from pregnant rats 


To the Editor. 
Determinations of drug-protein binding in plasma are 


associated with a number of potential methodological and 
technical difficulties. It is, therefore, desirable to confirm 
the suitability of in uitro protein binding measurement 
procedures by in uiuo studies, if possible. The steady-state 
concentration of phenytoin in cerebrospinal fluid is es- 
sentially identical to the concentration of free (unbound) 
phenytoin in plasma so that  the ratio of phenytoin con- 
centration in cerebrospinal fluid to the total (free plus 
bound) concentration of phenytoin in plasma gives an in  
uiuo estimate of the free fraction of phenytoin in plasma 
( I ) .  We have recently used this method in rats to demon- 
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strate that the apparent decrease of phenytoin binding in 
plasma after heparin administration is an in uitro artifact 
(1) apparently due to  increased nonesterified fatty acid 
concentrations caused by lipolysis in plasma after blood 
collection (2). On the other hand, there was excellent 
agreement between the in uiuo free fraction of phenytoin 
in the serum of rats who received that  drug alone or to- 
gether with the competitive binding inhibitor salicylic acid, 
and the in uitro free fraction measurements by equilibrium 
dialysis (1). 


More recent studies on pregnant rats yielded in uiuo 
plasma free fraction estimates for phenytoin that were 
considerably lower than the free fraction values deter- 
mined by in uitro equilibrium dialysis. Therefore, exper- 
iments were designed to assess these differences. Wistar- 
Lewis rats, 20 days pregnant and weighing -320 g, received 
14.7 mg/kg phenytoin through a jugular vein cannula by 
rapid injection followed immediately by an infusion of 195 
pg/min/kg for 2 hr. The animals were then anesthetized 
with ether, and cerebrospinal fluid and 10 ml of blood from 
the aorta were obtained. The blood was collected in a 
plastic syringe containing 200 U of heparin. Plasma was 
separated immediately (10 min centrifugation a t  1500Xg). 
About 2 ml of plasma was placed in cellophane tubing 
which was mounted in stoppered plastic centrifuge tubes. 
They were centrifuged a t  750Xg for 30 min a t  about 37" 
in a controlled temperature centrifuge, whose head had 
been preheated to 37", and about 0.1 ml ultrafiltrate 
(tested with trichloroacetic acid for absence of protein) was 
collected. The time interval between blood collection and 
the end of the ultrafiltration procedure was -50 min. 
Another portion of plasma was placed in a closed glass vial 
which was rotated in a water-bath a t  37" for 6 hr. That  
plasma was then subjected to ultrafiltration. A third por- 
tion of plasma was placed in a dialysis cell and dialyzed for 
6 hr (sufficient to reach equilibrium in the case of plasma 
from normal animals) a t  37" against an equal volume of 
pH 7.4 phosphate buffer (1). All samples were assayed for 
phenytoin by high-performance liquid chromatography 
(HPLC) as described previously (1). 


Results obtained from studies on nine animals are 
summarized in Table I. The free fraction values deter- 
mined by immediate ultrafiltration were similar (-32% 
higher, on the average) to the in uiuo estimates. These in 
vitro and in uiuo free fraction values were strongly corre- 
lated ( r  = 0.79, p < 0.02). On the other hand, the free 
fraction values obtained by ultrafiltration after 6 hr were 
-133% higher than the in uiuo estimates and the free 
fraction values obtained by dialysis were -63% higher. 
Clearly, a pronounced decrease in protein binding of 
phenytoin occurred in plasma from the pregnant rats 
during 6 hr after blood collection. Additional ultrafiltration 
studies with plasma incubated a t  37" for 4 and 9 hr, re- 
spectively, showed that the maximum change in binding 
had occurred by 4 hr. This change was not prevented by 


Table ]-Protein Binding of Phenytoin in Plasma from Pregnant 
Rats a 


Total phenytoin in plasma, pcg/ml 
Cerebrospinal tluid/plasma concentration ratio 
Free fraction by immediate ultrafiltration 
Free t'raction by ultrafiltration after 6 hr at 37' 


12.9 f 2.1 
0.200 f 0.029 
0.263 f 0.027 
0.461 f 0.044 
0.322 f 0.028 Free fraction by dialysis for 6 hr  a t  37' 


Table 11-Protein Binding of Salicylate in Plasma from 
Pregnant and Nonpregnant Rats a 


Pregnant. 
Rats 


Nonpregnant 
Rats 


Total salicylate in plasma, pg/ml 
Free fraction by immediate 


Free fraction by ultrafiltration 


Free fraction by dialysis for 


Ratio of free fractions by 


Ratio of free fractionsb, dialysis/ 


ultrafiltration 


after 4 hr a t  37' 


4 hr a t  37O 


ultrafiltration b ,  4 hdimmediate 


immediate ultrafiltration 


234 f 18 
0.560 f 0.081 


0.763 f 0.118 


0.733 f 0.165 


1.36 f 0.09 


1.30 f 0.17 


295 f 33 
0.435 f 0.036 


0.468 f 0.037 


0.385 f 0.029 


1.08 f 0.04 


0.886 f 0.040 


Mean f SD, n = 5 per group. These ratios are reported because one of the 
pregnant rats had an unusually low free fraction value in all determinations. thereby 
causing a relatively large coefficient of variation of the mean free fraction 
values. 


the addition of antibiotics (mixture of penicillin G, 
streptomycin, and polymyxin B) to the plasma. 


The results of these studies do not mean that in uiuo 
drug-protein binding alterations do not occur during 
pregnancy. The phenytoin concentration ratio, cerebro- 
spinal fluid/plasma, in the pregnant rats is significantly 
larger than that ratio in nonpregnant rats from the same 
group of animals studied concurrently'. 


Additional protein binding studies were carried out with 
salicylic acid, but cerebrospinal fluid-plasma concentration 
ratios were not obtained because salicylate in cerebrospinal 
fluid, unlike phenytoin, does not equilibrate with free sa- 
licylate in plasma due to  the active transport of salicylate 
from cerebrospinal fluid to  blood (1). Twenty-days preg- 
nant Wistar-Lewis rats and nonpregnant female rats 
(200-250 g) received a rapid intravenous injection of so- 
dium salicylate, 100 mg/kg, and blood was collected 30 min 
later. Plasma was ultrafiltered immediately and after 4 hr 
of incubation a t  37", and another portion of plasma was 
subjected to  equilibrium dialysis a t  37" for 4 hr as de- 
scribed previously. All assays were carried out by HPLC 
(1). The results of these studies are summarized in Table 
11. There were only very small differences between free 
fraction values obtained by ultrafiltration immediately and 
4 hr after blood collection, and between the 4 hr ultrafil- 
tration and equilibrium dialysis free fraction values, in 
nonpregnant rats. On the other hand, there were consid- 
erably larger differences between free fraction values ob- 
tained immediately by ultrafiltration as compared with 
values obtained 4 hr later by ultrafiltration or equilibrium 
dialysis in plasma from pregnant rats. Results obtained by 
ultrafiltration a t  4 hr and by equilibrium dialysis were 
essentially identical. These observations also indicate that 
drug-protein binding in plasma from pregnant animals 
decreases in uitro with time and that the magnitude of 
such changes in plasma from nonpregnant animals is much 
smaller. 


In summary, drug-protein binding in plasma obtained 
from pregnant rats can undergo rapid changes (decreases) 
in uitro after blood collection. Similar changes may occur 
in plasma of other species, including humans, and in 
plasma from animals with other pathophysiological con- 
ditions associated with alterations in drug-protein binding, 


" Mean f S1). n = 9 
~ 


1 Results to be published. 
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but the rates and magnitudes of these changes may be 
different. Careful attention will have to be given to the 
methodology of in vitro drug-protein binding determi- 
nations if artifactual results are to be avoided. 


(1) R. C. Chou and G. Levy, J .  Pharrnncol. Esp. T h r . ,  in press. 
(2)  K. M. Giacomini. S. E. Swezey, J .  C. Giacomini. and T. F. Blaschke, 
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T h e  Loss of Nitroglycerin from Intravenous 
Administration Sets during Infusion: 
A Theoretical T rea tmen t  


Keyphrases Nitroglycerin-loss from intravenous administration 
sets during infusion Administration sets-loss of' nitroglycerin dnring 
infusion 


To t h e  Editor: 


In a recent report (11, a model was proposed to explain 
the loss of nitroglycerin from solution into a plastic bag. 
Under static conditions, the kinetics describing the loss of 
drug was biexponential and expressed as: 


A = pe-" + (A(] - / 3 )c -h l '  (Eq. 1) 


where A is the amount of drug in solution, k is the rate of 
drug absorption onto the surface of the plastic, k:! is the 
diffusion of drug into the plastic, A,) the initial amount of 
drug in solution, and /3 is a constant. With plastic bags, Eq. 
1 showed an excellent fit to the experimental data. 


During the infusion therapy, the above principles apply 
to large volume parenteral therapy. However, a dynamic 
situation exists in the infusion set due to the constant flow 
of solution through the plastic tubing. A model depicting 
the loss of nitroglycerin from solution when drug is diluted 


in a glass bottle (no absorption) and allowed to flow 
through the infusion set is shown in Scheme I. 


In addition, because of the large amount of drug in the 
bottle, the tubing could become saturated. Thus, the 
amount of drug lost from solution is also dependent on the 
amount of drug present in the tubing. (It was assumed that 
the rate of absorption is not dependent on the amount 
remaining to  be absorbed, CO - C T ,  but on the amount 
present, C T .  The results appear to support this assump- 
tion.) The differential equations, therefore, describing the 
rate of change of CO, C I ,  (2.7, and CT are: 


(Eq. 2)  


(Eq. 5) 


T o  solve for this model, i t  must be assumed that the 
supply of drug in the bottle is infinite, and that the amount 
of drug and solution delivered through the infusion set is 
insignificant compared to  what remains in the bottle. 
Solving for Eq. 2, then: 


c, - - C7.,,p-k?f (Eq. 6) 
where C T ~  is the saturation concentration in the tubing. 
To solve Eq. 3, one needs to  consider the total mass balance 
of drug ( D )  in that: 


D,) = L), t D,q + D.y + D r  (Eq. 7) 


where DO is the total amount of drug, DI is the drug in the 
infusion set (which includes the amount delivered), DH is 
the drug in the bottle, D.? is the drug on the surface of the 
set, and DT is the amount of drug in the plastic. Since the 
assumption was made that the amount of drug in the bottle 
is in infinite supply, then DO = DB. Since D is the con- 
centration (C) X volume (V),  Eq. 7 can be approximated 
to  be: 


(Eq. 8) 


Substituting Eqs. 8 and 6 into Eq. 3, and solving for CS, one 
obtains the following solution for CS: 


Cs = Ae-0' - A p - h d  iEq. 9) 


where 


Drug in Infus ion  Set 
( C r )  1 1 P a t i e n t  1 


I I u 


I Nitroglycer in  on Surface  
CS 


Nitroglycer in  Dissolved 
i n  Plast ic  Mat r ix  I ( C T )  
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Figure 1-Nitroglycerin loss: concentration in  b o t t k  = 100 pg/ml ,  f l o ~ u  
rate = 1.0 rnllmin. Equation describing loss: 1 - (C/Co) = 0.327e-0."n:36t 
- 0.i?70e-''~''9L + 1.08e-" yL1, where 0 i s  actual data and  t h e  smooth 
curiie is computer-fitted data.  


0 


E I I , I J 


0 20 40 60 90 120 180 240 300 


MINUTES 


Figure 2-Nitroglycerin loss: concentration i n  bottle = 100 pglnal, flciw 
rote = 0.5 rnllrnin. Equation describing loss: I - (C/C:o) = 0.201e-o.""t 
- 0..5ie-" 0041 + 0.S9e-0 ,IH', where 0 is actual data a n d  smooth line is 
cc~mputc~r-fitted data. 


VT 
v/ k 1 - c~~ + k'CTo 


(Eq. 10) A =  
VS k? - ti-, - k ,  - 
Vr 


and 


(Eq. 11) V,Y a = k , - + k - ,  
L'l 


Finally, substituting Eq. 9 into Eq. 4 and solving for C I :  


(Eq. 12) 


where 


(Eq. 13) k i A  
0 - tz, - ti:, 


(Y = 


and 
k 1 A (Eq. 14) 


To  further simplify Eq. 1 2  at  the initial phase, prior to 
adsorption of nitroglycerin, h i  = 0, ha = ko ,  and rear- 


= /iz - k ,  - k., 


ranging Eq. 12: 


(Eq. 15) 


The results of the treatment of the infusion data using Eq. 
15 is shown in Figs. 1 and 2, using different flow rate con- 
ditions. The data were listed using back projection 
(stripping) technique (2). As predicted by the model, a 
triexponential loss of nitroglycerin is seen. The model 
shows that the initial loss is due to adsorption and loss due 
to infusion, followed by equilibration on the inside surface 
of the infusion set and, consequently, the rate-limiting 
adsorption of nitroglycerin by the plastic. The model also 
shows that when no adsorptionlabsorption occurs, the 
concentration of drug delivered is the same as the con- 
centration in the bottle. 


All factors affecting nitroglycerin loss have been docu- 
mented previously for static conditions (1). All these fac- 
tors apply here, in addition to the loss also being dependent 
on the flow rate. 


(1) A. W. Malick, A. H. Amann, D. M. Baaske, and R. G. Stoll, J .  


(2) J. G. Wagner, "Fundamentals of Clinical Pharmacokinetics," Drug 
Pharm. Sci . ,  70,798 (1981). 
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Anton H. Amann* 
David M.  Baaske 
American Critical Care 
McGaw Park, IL 60085 


Received October 13, 1981. 
Accepted for publication November 27, 1981. 
* Present address: K V  Pharmaceutical Company, St. Louis, MO 


63144. 


General Derivation of the Equation for 
Time t o  Reach a Certain Fraction of 
Steady State  


Keyphrases 0 Pharmacokinetics-derivation of the equation for time 
to reach a certain fraction of steady state Equations-for time to reach 
a certain fraction of steady state, derivation 


To the Editor: 


The time to reach a certain fraction of a given steady- 
state plasma concentration for a drug which exhibits 
multiexponential characteristics is not a simple function 
of the terminal disposition rate constant or half-life. 
Rather, it is a complex function of all coefficients and 
disposition rate constants in the equation describing the 
concentration-time curve. A given fraction of steady state 
is reached sooner with a drug that demonstrates multiex- 
ponential behavior than one that demonstrates monoex- 
ponential behavior. Recently, Chiou (1, 2 )  developed a 
general equation that permits the estimation of fraction 
of steady state from area ratios. The derivations were based 
on the superposition principle, or assume constant rate 
input of drug into the body. The following appears to be 
a more general approach for the derivation of the area 
equation. 
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Mathematical Model for In Vitro Drug Release from 
Controlled Release Dosage Forms Applied to 
Propoxyphene Hydrochloride Pellets 
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Abstract The i n  oitro release of drugs from controlled-release dosage 
forms has been studied in terms of a diffusion model. The model has been 
applied to a pellet formulation containing propoxyphene hydrochloride. 
It is demonstrated that the model may be used to predict the drug release 
profile adequately, when the pellet size is changed and when the thickness 
of the coating is varied. The size distribution of pellets in an experiment 
may be too broad to justify a simulation with just one average pellet size. 
Therefore, the results for pellets of the same size are generalized to any 
size distribution of pellets in an experiment. This is only trivial if sink 
condition exists in the extraction medium, since under that condition, 
the release from each pellet type is independent of the releases from other 
pellet types. In that case, the total release may therefore be found as the 
sum of the individual releases. In the general case considered here, the 
releases are coupled. 


Keyphrases 0 Mathematical models-in uitro drug release from con- 
trolled-release dosage forms, propoxyphene hydrochloride pellets 
Propoxyphene hydrochloride pellets-mathematical model for in uitro 
drug release from controlled-release dosage forms 0 Controlled-release 
dosage forms-mathematical model for in uitro drug release, propoxy- 
phene hydrochloride pellets 


In a recent paper (1) it was shown that a quasistationary 
diffusion description of the drug release from controlled 
release dosage forms formally leads to an expression of the 
same form as a Rosin-Rammler-Sperling-Weibull distri- 
bution when /3 = 1, (1-4). The advantage of the diffusion 
description is that it allows a prediction of the drug release 
as a function of pellet size and coat thickness once the 
diffusion coefficient for a given drug in the coat is known. 
In the present paper, the general solution to the diffusion 
description without the simplifying assumption about 
quasistationarity is considered. 


THEORETICAL 


It is assumed that pellets are spherical and consist of a core containing 
the drug and a coat which is the rate-limiting element in the release 
process (5). The radius of the core is b and the radius of the coated pellet 
is a giving a coat thickness of ( a  - b) .  


In practice a dissolution test is done with a large number of pellets. If 
the pellets have a narrow size distribution, one may use the results for 
pellets of the given size. In the case of a broad size distribution, i t  is 
necessary to take that into account. In the present general solution to the 
diffusion description, both cases are discussed. 


It is evident that the release profile, in general, may not be calculated 
as a superposition of the profiles from each pellet size since the increase 
of drug concentration in the extraction medium couples the releases from 
the pellets. Only in the case of zero concentration in the extraction me- 
dium (sink condition) no coupling is present, and a superposition of re- 
leases gives the total release. 


It is important to note the simplifying assumptions inherent in this 
description. The initial phase, where dry pellets are introduced into an 
extraction medium, water penetrates the coat and dissolves the drug in 
the core, is not included in this description. This model may be applied 
from the time the drug in the core has been dissolved by the penetrating 
water. A time lag may be accounted for simply by shifting the zero point 
on the time axis, corresponding to the duration of the initial phase. Since 


there are no data available to calculate the initial phase kinetics, it is 
necessary to rely on experimental evidence for a reasonable assessment 
of time lag. I t  is a very important assumption that the pellets do not 
change dimensions (e.g., due to swelling during the release period). In 
particular, if the pellet dimensions are determined from dry pellets, it 
is crucial to check that the dimensions are not changed after introduction 
into the extraction medium. 


Assuming the drug concentration in the extraction medium is uniform 
a t  all times, due to effective stirring, the most general boundary condition 
to be considered is one where the drug concentration in the core gradually 
decreases as drug is released, while the drug Concentration in the ex- 
traction medium gradually increases. 


In the present paper, modifications of these boundary conditions are 
also considered. One modification is to assume sink conditions in the 
extraction medium and another is to assume a constant core concentra- 
tion. From these examples it will be easy to see how to modify the cal- 
culation scheme in order to comply with other boundary conditions. 


Pellets of Equal Size-As only radial diffusion is considered, the 
diffusion equation (6) for the coat is: 


(Eq. 1) 


where D is the diffusion coefficient for the particular drug in the coat, 
and C ( r t )  is the drug concentration in the coat a t  distance r from the 
center a t  time t .  


Equation 1 is solved with different boundary conditions and with the 
initial conditions: 


C,(t = 0) = 0 (Eq. 2) 


C,(t = 0) = co 0%. 3) 


C ( r t  = 0)  = 0 b < r < a  0%. 4 )  


where C,(t = 0) is the initial drug concentration in the extraction med- 
ium, and C,(t = 0) is the initial drug concentration in the core. 


Variable Core and Extract ion M e d i u m  Concentrations-The 
boundary conditions are sketched in Fig. 1 and may he expressed in the 
following way: 


T h e  Core-Coat Boundary-Assuming local equilibrium a t  the 
boundary at any time: 


C,( t )  = k,C(bt)  (Eq. 5) 


where k ,  is the equilibrium constant. The continuity equation a t  the 
boundary may be written: 


and with Eq. 5: 
bk,  d C ( b t )  


r = b  3 0  dt 


(Eq. 6) 


(Eq. 7) 


T h e  Coat-Extraction Medium Boundary-The assumption of local 


C,( t )  = k,C(at)  (Eq. 8 )  


equilibrium a t  the boundary gives: 


where k ,  is the equilibrium constant. If there are n pellets of identical 
size, the continuity equation a t  the boundary may be written: 
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C,(t I - - -  


C,(O)- 


Ex traction 
Medium 


k C  


-Ce(O) 


I , k e  
I I ~r 
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Figure 1-A sketch o f a  segment of the core, coat, and extraction me- 
dium with boundary conditions corresponding to  variable core and ex- 
traction mrdium concentrations, The stationary concentration profiles 
at time zero and at time t are shouin. T h e  concentration jumps  at the 
boundaries are governed by the equilibrium constants k, and k,. 


where V ,  is the volume of the extraction medium. Introduction of Eq. 
8 into Eq. 9 gives: 


V,k, dC(at )  X ( r t )  = 
r = a  n4xa2D dt 


The time Laplace transform of Eq. 1 with Eq. 4 gives: 


(Eq. 10) 


where, 


C ( r s )  = J m  c s t C ( r t ) d t  (Eq. 12) 


is the Laplace transformed concentration. In the same way Eqs. 7 and 
10 are Laplace transformed and give: 


dC(rs) - bk, b [T] - - [sC(bs)] - - Co (Eq. 13) 
r = b  3 0  3 0  


and; 


Equation 11 is a standard second-order differential equation with the 
solution 


E x t rac t ion 
Medium 


Figure 2-A sketch of a segment of the  core, coat, and extraction me- 
d ium with boundary conditions corresponding t o  variable core condi- 
tions and sink conditions in the extraction medium. T h e  stationary 
concentration profiles at t ime zero and t ime t are shown. 


The integration constants A and B are determined by inserting Eq. 15 
into Eqs. 13 and 14. This gives the following system of equations, which 
in matrix form may be written: 


r Cnbi  


where: 


= b m  cosh (& b)  - D sinh (& b)  
- 


-- kcsb2 sinh (4; b) (Eq. 17) 
3 


$2 = b m  sinh (& b)  - D cosh (& b)  
- 


-- kcsb2 cosh (4; b) (Eq. 18) 
3 


$ 3 = a m c o s h ( & a ) - D s i n h ( & a )  


+ sinh [&a) (Eq. 19) 
3 


+- Vrkesa2 3 cosh ( h a )  (Eq. 20) 


Ve where the relative volume, V ,  = - 
n47ra3 - 


Equation 16 is solved for A and B ,  and after introduction of A and B 
in Eq. 15 is found: 


(Eq. 21) 


By a reverse transformation of Eq. 21, C ( r t )  can be found. This is done 
by residue calculation (7): 


C ( r s )  = -Cob31#~4 sinh [& r )  + Cob3& cosh (I& r )  
3 r ( @ i h  - '$263) 


(Eq. 22) 


Where sl is the l'th pole of C ( r s )  in Eq. 21. From Eq. 22 it is clear that  s' 
I 0, since C ( r t )  is final. To find C,( t ) ,  Eq. 8 is used and we obtain from 
Eq. 22 after lengthy manipulations: 


where: 


+ v. 2 (2: + [$') + (1 - :)I (Eq. 24) 
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A convenient way of representing the results in Eq. 23 is to plot the 
releaseR(t) = C,(t)/C,(t = m )  asafunctionoftime. It isevidentthatR(t) - 1 for t - m. The limiting value for C,(t) is given by the time inde- 


Indeed, it is clear from Eqs. 17-20 that s = 0 is a pole of C(rs) .  Let s1= 
0, then Eq. 23 may be written: 


where: 


N'(s1) = - 1 - - - k sin 
pendent term in Eq. 23, i.e., one of the poles of c ( r s )  inEq.  21 is zero. 1; [ ;) c] 1 . (4%) 


x cos [G a) - sin (6 a) cos 
a)] 


k,Cob fi eslt 
R ( t )  = 1 + 2 (Eq. 25a) + a (1 - + $1 [sin [ G a l  


[=2  N(sl)Ce(t = m )  


where the concentration in the extraction medium a t  t = m is found to 
be: 


n n  
L" C,(t = m )  = (Eq. 256) 


Sink Condition in Extraction Medium-Variable Core Concentra- 
tion-With the boundary conditions sketched in Fig. 2, Eq. 8 now 
changes to: 


C(at)  = 0 0%. 26) 


The initial conditions ( a s .  2-4) and the other boundary conditions (Eqs. 
5 and 7) are unchanged. The integration constants A and B in Eq. 15 are 
now determined by introducing c ( r s )  into Eq. 13 and the Laplace 
transform of Eq. 26: 


€(as) = 0 (Eq. 27) 


In analogy with Eq. 16, the following system of equations is obtained: 
r COb31 


where 41 and $2 are given in Eqs. 17 and 18 and 


rpk = sinh [ & a) 


& = cosh [& a) 


(Eq. 29) 


(Eq. 30) 


Equation 28 is solved for A and B,  and it is found, as previously: 


bm cash (& b) - D sinh (& b) 


k,sb2 - - 3 sinh [ & b)] cash [ & a) 


- [ b m  sinh [ &) - D cash [ & b) 


-- kcsb2 cash (& b)] sinh (& a) (Eq. 32) 
3 


By residue calculation (7) Eq. 31 is reversed and i t  is found that C(rt): 


(Eq. 33) 


X sin [ b) t cos [ a) cos [ fi b)] (Eq. 35) 


I t  is clear from Eq. 34 that C(at) = 0 at any time t ,  in accordance with 
Eq. 26. The flux dJ( t ) /dt  of drug into the extraction medium is given 
by: 


(Eq. 36) 


and the total amount of drug released a t  time t is given by: 
t bC(rt ')  


M(t)  = -4na2nD [F) r=a dt '  (Eq. 37) 


From Eq. 34 it is found: 


so - - Cob M(t) = 4xa2nD - 4- -!- (eslt - 1) (Eq. 39) 
1=1aN (s) s ~ D  


Divided by the total amount of drug, M(t = m )  = 47rb"/3 NCO (neglecting 
the capacity of the coat) the release R'(t) is obtained: 


Constant Core Concentration-Variable Extraction Medium Con- 
centration-If the solubility of the drug in the core is low, the concen- 
tration of dissolved drug remains constant as long as there is undissolved 
drug in the core. The boundary conditions are sketched in Fig. 3, and Eq. 
7 now changes to: 


C,(t) = C' = kcC(bt) (Eq. 41) 
The initial conditions and the other boundary conditions, Eqs. 8 and 10, 
are unchanged. The integration constants A and B in Eq. 15 are now 
determined by introducing C ( r s )  into Eq. 14 and the Laplace transform 
of Eq. 41: 


C' 
kcs 


Qbs) = - (Eq. 42) 


In analogy to Eqs. 16 and 28 the following set of equations is obtained: 


where: 


4; = cosh [di b) 0%. 45) 


$3 and 4 4  are given by Eqs. 19 and 20, respectively. In analogy with the 
previous examples, it is now straightforward to derive an equation for 


where sf is the l'th pole of c ( r s )  in Eq. 31. After lengthy manipulations 
the following is obtained: 


X cos ( f i r )  - cos (G a) sin [ 6 r )]  eslt (Eq. 34) 


(Eq. 46) 
and with Eq. 8 


(Eq. 47) 
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At  the moment when all undissolved drug has disappeared from the core, 
the concentration will be given by Eq. 23. Thus, the release profile will 
be given by two different expressions according to the conditions in the 
core. 


Pellets  o f  D i f f e r e n t  Size-Variable Core and Extraction Medium 
Concentrations-This is a generalization of the results derived for pellets 
of equal size to a situation where there is a distribution in the size of 
pellets used. Assuming that there are N different types of pellets involved, 
differing in size, coat material, etc., for each of the N types of pellets there 
is an equation like Eq. 15. For the j ' th type: 


also allowing the diffusion coefficients D, to be different. If the coating 
material is the same for all types of pellets D, = D for a l l j .  


The boundary condition a t  the core-coat boundary is the same as in 
Eqs. 5 and 7 for each type of pellet, i.e., 


\ 


The boundary condition a t  the coat-extraction medium boundary 
is: 


with: 


Ce(tJ = ki ,Ci(ai t )  = . . . = k,,C,(ajt) = . . . = kNeCN(QNt)  (Eq. 51) 


Time Laplace transformation of Eqs. 50 and 51 gives: 


and: 


c e ( S )  = kl,Pi(alS) = . . = h,,cl(a1S) = . . . = kN,CN(aNS) (Eq. 53) 


T o  determine the 2N integration constants, A, and BJ,  i t  is necessary 
to have 2N equations. The first N equations are obtained from Eq. 49 
after introduction of C,(rs )  from Eq. 48. The j'th equation has the 
form: 


The last N equations are obtained from Eqs. 52 and 53 after introduction 
of Eq. 48. The j'th equation has the form: 


The results in Eqs. 54 and 55 may conveniently be written in matrix form 
as 


where: 
E F = C  (Eq. 56) 


0 0 . . .  0 
g 2  0 ... 0 
0 g3 . . .  0 


. .  
E =  0 0 ... 


T 


I ,r 6 a 
Figure 3-A sketch o f  a segment o f  the  core, coat, and extraction me-  
d i u m  with boundary conditions corresponding to  constant core con- 
centration and variable extraction medium concentration. T h e  sta- 
tionary concentration profiles at t ime zero and t ime  t are shown. 


and 


F =  G -  (Eq. 58) 


with: 


g ,  = p ' . o s ( G b . ] - A  Di bi b, 


X sin (G b,)  - sin (G b,) (Eq. 59) 


h, = G ; s i n ( G b , ) - $  


X cos (G b.) - 2 cos (G b,) (Eq. 60) 


ci = 4- cos (4- t a i )  - -$ sin (4- : a L )  (Eq. 61) 
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Figure 4-Curve 1:  Release profile calculated from Eq. 25 (or Eq.  56) 
when a = 475 pm, b = 459.2 pm, V,i = 75, ki, = ki, = 1 togive the least- 
squares fit to experimental data. The diffusion coefficient is determined 
to be 1.17 X rn2sec-'. Curve 2: Predicted release profile ofpellets 
when a = 478.8 pm, h = 459.2 pm, V,i = 75, ki, = ki, = I and D = 1.1 7 X 
10-9 cm2 sec-1. 


V .k  s 
301 


fl = - cos (G 
Equation 56 is solved for iAj and B, 0' = 1,N) and after introduction of 
id,, Bj into Eq. 49 for the j'th type of pellet, the following expression for 
Cj(rs) is found: 


where: 


(Eq. 65) 


X cos (4- $ r )  (Eq. 66) 


and: 


+ j h )  = rlE( (Eq. 67) 


!El  is the determinant of the E matrix (Eq. 57) and 1/30' = C)l is the 
determinant of the matrix obtained from E by replacing the j'th column 
with the vector G. Equation 65 may be reversed in the usual way by res- 
idue calculation: 


where d$/bs means a differentiation of the determinant ( E l .  This is done 
by replacing the elements in one row by the same elements differentiated 
with respect to s. In that way 2N new determinants are generated and 
they are all identical to the original determinant besides one row. Finally 
the 2N determinants are added giving the desired result. Therefore, it 
is necessary to know: 


- dki = -(- 1 1 - -) ki, cos (G bi) 
bs Di 2 3 


(Eq. 71) 


(Eq. 72) 


(Eq. 73) 


(Eq. 74) 


These results can be programmed into a digital computer. The poles of 
C, (rs)  are found as the zero points of the determinant IEl, and once they 
are known, it is straightforward to use Eq. 68 for pellet type j and cal- 
culate C,( t )  according to: 


Ce(t) = k,,C,(a,t) (Eq. 75) 


Sink Condition in Extraction Medium-Variable Core Concentra- 
tion-The boundary condition a t  the coat-extraction medium is: 


C,(a,t) = 0 


for each type of pellet. That is, there is no coupling between the different 
types of pellets, which means that the release may be described as a su- 
perposition of the release from each type of pellet as given by Eq. 39, for 
example. 


Other Boundary Conditions-It is fairly easy to adapt this calculation 
scheme to other relevant boundary conditions as discussed under Pellets 
of Equal Size. 


RESULTS AND DISCUSSION 


It has been shown that the general solution to the diffusion description 
of drug release from controlled-release solid dosage forms consisting of 
either one-size pellets or a broad-size distribution of pellets is straight- 
forward and easy to handle in terms of matrix equations. 


The poles s, of C ( r s )  are found as the zero points of the determinant 
of the E matrix (Eqs. 56 and 65). The s, has to be determined numeri- 
cally, which may be done on computers. Once the poles have been found, 
either one of the concentrations C,(rt) and, thus, C,( t )  may be calculated 
from Eqs. 68 and 75. I t  is noted that, due to Eq. 51, any one of the con- 
centrations, C,(rt), may be used to calculate the extraction medium 
concentration, C,(t). Finally, it is noted that the one-size pellet case is 
included as a special case of the general treatment given previously, and 
in that case, Eq. 56 degenerates to Eq. 16. 


As an illustration, the diffusion model has been applied to the pre- 
diction of the release profile of pellets with a known diffusion coefficient 
D and a coat thickness (a  - b). Two experimental and calculated release 
profiles of propoxyphene hydrochloride pellets, coated with different 
amounts of a synthetic coat (5) are shown in Fig. 4. Curve 1 corresponds 
to pellets with a thin coat (8%) and Curve 2 to pellets with a thick coat 
(10%). Since the coating material is the same, it is assumed that the dif- 
fusion coefficients are identical in both cases which implies that the 
difference in release profiles is due to a different thickness of the coating. 
The diffusion model should he able to reproduce this difference if the 
model reflects essential features of the process. As the pellets had a 
narrow size distribution, only calculations for pellets of one size were 
used. 


The dimensions of the pellets (a and b)  were obtained from microscopy 
of a series of microtome sections of the pellets. It was found that b = 459.2 
pm and a = 475.0 pm and 478.8 pm, respectively. Since there are only 
one-size pellets in the experiments, the results in Eq. 56 for N = 1 may 
be used. Adsorption phenomena were considered unimportant, and k,, 
and k,, were set equal to 1. The relative volume V,, = 75. Equation 56 was 
then applied to fit data points for pellets with the thin coat (Curve 1) in 
order to obtain a value for the diffusion coefficient. 


The experiments were conducted with the general boundary conditions 
with varying coat and extraction medium concentrations. I t  was possible 
to fit the data points with D = 420 pm2h-', - 1.17 X m2 sec-' 
(Curve 1). Curve 2 was then calculated from Eq. 56 with the relevant b 
and a,  and the predicted release profile is seen to be in good agreement 
with the experimental data. I t  is noted that the diffusion coefficient is 
somewhat different from the one reported earlier ( l ) ,  where quasista- 
tionary conditions were imposed. 
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APPENDIX 


Variable Units 
- = parameter in the Rosin-Rammler-Sperl- 


ing-Weibull distribution (See Ref. 1) 
P 
b m = radius of core 
a m = radius of coated pellet 
r m = radial distance from the center of a sphere 


n 


sec 
sec-’ 
sec-l 
kg/m3 


kg/m3 


kg/m3 


kg/m3 
kgs/m3 
kg/m3 


m2/sec 
- 


kg/sec m2 


= time 
= frequency 
= poles in Eq. 22 
= concentration of drug in coat a t  position r 


and a t  time t 
= concentration of dissolved drug in the core 


a t  time t 
= concentration of drug in extraction medium 


a t  time t 
= initial concentration of drug in core 
= time Laplace transform of C ( r t )  a t  r 
= constant core concentration in case of a 


sparingly soluble drug 
= diffusion coefficient of drug in coat 
= distribution coefficient for drug between 


core and coat 
= distribution coefficient for drug between 


extraction medium and coat 
= volume of extraction medium 
= the ratio of the volume of extraction medi- 


um to total volume of pellets 
= number of pellets of identical size 
= denominator in Eq. 23 defined in Eq. 24 
= total amount of drug released a t  time t 
= number of different types of pellets in a 


= flux of drug a t  time t 
sample 
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+ Deceased. 


Abstract o Following oral dosing to steady state, the disposition ofS(-)- 
and R(+)-propranolol and their corresponding glucuronide conjugates 
was studied in 4 healthy adults using doses from 40 to 320 mg/day of the 
racemate. Steady-state plasma concentrations of S(-)-proprando1 and 
its corresponding glucuronide conjugate were greater than that for 
R(+)-oroDranolol and its corresoonding coniueate. The average stereoselective disaosition in humans. 


of glucuronide conjugates of S(-k and R(+)-propranolol was best de- 
scribed by a saturable process in all subjects. Within individuals, the ratio 
of Vmax/Km for the glucuronide conjugate of S(-)-propranolol was from 
2.1- to 4.9-fold greater than for the conjugate of the R( +)-enantiomer. 
These studies demonstrate for the first time, that  propranolol undergoes 


, I .  . I .,- Y 


steady-state concentration of both enantiomers increased dispropor- 
tionately to dose. There was a 52 f 7 (mean * s ~ )  %decrease in the in- 
trinsic clearance (Clint) of S(-)-propranolol and a 65 f 22% decrease in 
the Clint of R( t)-propranolol over the dosing range studied. The terminal 
elimination half-lives of S(-)-propranolol and its glucuronide conjugate 
were longer than for the R(t)-enantiomer a t  all doses. The formation 


Keyphrases 0 PrOPranOlol-~(-)- and R( t)-enantiomers and corre- 
sponding glucuronide conjugates, stereoselective disposition, humans 
0 StereoselectivitYaiSPOSitiOn of s(-)- and R(+)-propranolol, humans 
0 Glucuronide-conjugates of S(-)-  and R(  +)-propranolol in stereo- 


disposition 


Propranolol [l-isopropylamino-3-(l-naphthoxy)-2- 
propanol] is a nonselective beta adrenergic blocking agent 
used clinically as a racemic mixture of the S(-)- and 
I?( +)-enantiomem Because S(  -) -propranolol is about 100 
times more potent as a beta blocker than the I?(+)-enan- 
tiomer, S(-)-propranolol is believed to be largely re- 
sponsible for the clinical effects of racemic drug (1). 


Numerous investigators have described the absorption, 
distribution, metabolism, and elimination of propranolol 
in humans and animals. Pharmacokinetic studies in 
healthy volunteers and in patients have demonstrated up 
to 20-fold variation between individuals in plasma pro- 
pranolol concentrations after oral doses (2-8). Age (9,lO); 
cigarette smoking (9, 11); concomitant drug intake (12); 
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Abstract The blood level pharmacokinetics of model nonmetaboli- 
zable and nonprotein bound anionic compounds (pKa 3.3-3.4), namely, 
benzoylformic acid (I), D-(-bmandelic acid (II), and p-methyl ben- 
zoylformic acid (III), which are excreted in the urine in the unchanged 
form, were studied in control and phenobarbital-treated rats to determine 
the effects of phenobarbital on distribution and elimination phar- 
macokinetic parameters. These compounds were used, also, because they 
represent three different compartment models in the untreated rats: a 
three-compartment open model (I), a two-compartment open model (II), 
and a one-compartment open model (111). The three-compartment open 
model (I) in the control rats was reduced to a two-compartment open 
model with only one kinetically distinguishable peripheral tissue com- 
partment in the phenobarbital-treated rats. The pharmacokinetics of 
I1 were described by a two-compartment open model in both control and 
phenobarbital-treated rats but the apparent distribution volumes of the 
central and peripheral compartments were found to be significantly 
smaller in phenobarbital-treated rats. One-compartment open model 
pharmacokinetics were observed for 111 in both the control and pheno- 
barbital-treated rats with no significant difference in apparent distri- 
bution volumes. The transmembrane transport of these compounds, 
which exist in the body fluids as anions, was previously reported to occur 
uia the aqueous pores of the tissue cell membranes. The decrease in the 
apparent distribution volumes of these organic anions in the phenobar- 
bital-treated rats was explained in terms of the possible effect of phe- 
nobarbital in increasing the protein and phospholipid concentrations of 
the cell membranes of tissues other than liver. This narrows the size of 
the aqueous pores of the central and tissue compartment cell membranes 
and hinders the diffusion of these compounds through the aqueous pores. 
Regardless of the compartment model displayed by these compounds, 
the biological half-life of each compound was significantly shorter in the 
phenobarbital-treated rats than in the control rats. This effect was at- 
tributed to the possible induction effect of phenobarbital on the renal 
tubular secretion carrier mechanism of these compounds in rats. 


Keyphrases Phenobarbital-effect on pharmacokinetics of nonme- 
taholizable organic anions, rats Pharmacokinetics-effect of pheno- 
barbital, nonmetabolizahle organic anions, rats Nonmetabolizable 
organic anions-effect of phenobarbital on pharmacokinetics, rats 


It has been shown in humans and animals that con- 
comitant administration of many metabolizable drugs with 
phenobarbital results in a decrease in their biological 


half-lives as well as in pharmacological activity (1, 2). In 
most instances these effects are attributed to the en- 
zyme-inducing property of phenobarbital which results 
in the increased rate of metabolism of concomitantly ad- 
ministered drugs. The enzyme-inducing property of phe- 
nobarbital is due to its ability to increase the synthesis of 
drug-metabolizing enzymes in the liver (1-3). 


BACKGROUND 


Phenobarbital was shown to increase general protein synthesis by its 
direct action on the hepatic endoplasmic reticulum (4,5) and to increase 
the concentration of microsomal phospholipids by reducing their rate 
of catabolism (6) and/or by increasing their rate of biosynthesis (5). The 
liver appears to have been extensively investigated for these effects of 
phenobarbital and, in keeping with the objective of such studies, mainly 
metabolizable drugs have been used in these investigations. The kidney 
has been infrequently investigated to show the effect of phenobarbital 
(7). 


In addition to the effect in the liver and kidney, phenobarbital may 
also increase protein and phospholipid concentrations in other tissues. 
Since proteins and phospholipids are the major components of tissue 
plasma membranes, it is conceivable that chronic administration of 
phenobarbital might alter the transmembrane transport or distribution 
of certain concomitantly administered drugs into various tissues. Con- 
sequently, this may decrease the biological half-lives of these drugs and 
affect pharmacological responses. This consideration is important be- 
cause, for a drug to  exert pharmacological activity, i t  must first reach its 
site(s) of action. 


The extent of pharmacological response to a drug is dependent not only 
on the drug-receptor interaction but also on the drug concentration a t  
the receptor site(s). I t  is known that the distribution rate of a drug to the 
site(s) of action is governed by many processes occurring simultaneously; 
these processes include metabolism, binding to plasma and/or tissue 
proteins, and renal and nonrenal excretion. 


Studies of the effect of phenobarbital on the distribution pharmaco- 
kinetics of drugs would be difficult if conducted with concomitantly 
administered drugs that are subject to metabolism and binding to plasma 
and/or tissue proteins. These factors may obscure and complicate iden- 
tification of the effect of phenobarbital on the distribution pharmacok- 
inetic parameters of the drugs. 
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Figure 1-Semilogarithmic plots showing blood concentrations of benzoylformic acid declining triexponentially in control rats and biexponentially 
in phenobarbital-treated rats following intravenous administration. 


Scheme I-Three-compartment open model; Scheme II-Two-compartment open model. Key: 0,  observed data points; A, 0, data points obtained 
upon /eathering by the residual method. 


T o  demonstrate the effect of phenobarbital on the distribution and 
biological half-lives of certain compounds, the pharmacokinetics of 
benzoylformic acid (I) ,  D-(-)-mandelic acid (II), and p-methyl ben- 
zoylformic acid (111) were studied. These compounds served as model 
compounds since they are neither metabolized, bound to plasma proteins, 
nor reabsorbed in the renal tubules. They are excreted in the urine of rats 
entirely in the unchanged form (8-10). Second, these compounds (pKa 
3.3-3.4, referred to in this study as organic anions because they remain 
completely ionized in the blood) distribute between the body compart- 
ments by diffusion through the “aqueous pores” of cell membranes, which 
presumably are lined with proteins and phospholipids (10). Consequently, 
it was reasonable to assume that any alteration in the composition of 
tissue cell membranes might reduce the transmembrane transport of 
these anions due to a possible decrease in mean pore size. Third, these 
compounds are represented by three distinctly different compartment 
models in untreated rats. The pharmacokinetics of I, 11, and 111 have been 
described (10) by a three-compartment open system, a two-compartment 
open system, and a one-compartment open system, respectively. 


EXPERIMENTAL 


Materials-The following were used: D-(-)-mandelic acid’, mp 
131-133’. [:I]” - 153”; benzoylformic acid’, mp 67-69’; p-methyl 
benzoylformic acid, mp 97-99’, synthesized by the method of Kindler 
et  al. (11); and sodium phenobarbital2 USP, granular. 


Methodology-Male Sprague-Dawley rats weighing between 170 and 
230 g (most weighed -200 g) were used in the study. The pharmacoki- 
netics of I, 11, and I11 were studied in phenobarbital-treated rats and in 
control rats. T o  pretreat the rats, 2 ml of isotonic solution containing a 
20-mg/kg dose of sodium phenobarbital was administered intraperito- 
neally daily to each rat for 5 days in the study of 11,4 days in the study 


Aldrich Chemical Co., Milwaukee, Wis 
2 Merck and Co., Rahway, N.J. 


of I, and 3 days in the study of 111. The control rat used in each study was 
pretreated daily with 2 ml normal saline intraperitoneally for 5,4,  and 
3 days, respectively. 


Food, but not water, was withheld from the rats 12-14 hr prior to the 
study as well as during the course of the experiment. A given compound 
was injected intravenously to the rats 24 hr after the last dose of sodium 
phenobarbital in each study. Five milliliters of normal saline was ad- 
ministered intraperitoneally to each rat 20 min prior to the intravenous 
administration of the substrate compound being studied to be consistent 
with previous procedures (8-10). The rat was anesthetized with ether for 
less than a minute prior to the intravenous injection of a fixed dose of the 
compound in a 2-ml isotonic solution. The fixed doses of I, 11, and I11 used 
were 7.5 mg (-250 pmoles/kg), 5 mg (-165 pmoles/kg), and 5 mg (-151 
pmoles/kg), respectively. Each compound was injected as its sodium salt 
by adding equivalent amounts of sodium hydroxide. The solutions were 
made isotonic with sodium chloride. One blood sample was obtained from 
each rat upon its decapitation a t  predetermined time after the admin- 
istration of the compound. After decapitation, blood was collected in 
30-ml beakers which were previously coated with 0.2 ml(40 U) of heparin 
to prevent coagulation. The blood samples were analyzed on the same 
day that they were collected. 


Because of the voluminous work involved in extracting a compound 
from numerous blood samples and then analyzing it by GC, blood samples 
for the pharmacokinetic studies of I and I1 were collected in two or three 
portions on two or three different days, each portion involving 5-8 rats. 
Each portion represented a proper distribution of blood sampling times. 
For instance, in the control study of 11, one study portion included 2-, 4-, 
8-, lo-, 15-, 25-, and 50-min blood sampling times and the other study 
portion included 3-, 5-, 20-, 30-, and 40-min blood sampling times. In the 
control study of I, one study portion included 2-, 4-, 6-, 8-, 15-, 25-, 45-, 
and 60-min blood sampling times, the second portion included 1-, 3-, 5-, 
lo-, and 40-min blood sampling times, and the third study portion in- 
cluded 13-, la-, 20-, 30-, 35-, and 50-min blood sampling times. For each 
study portion, a standard curve for the compound was prepared for 
quantitative determination of the blood samples. In the case of 111, all 
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Table I-Pharmacokinetic Parameters  for Benzoylformic Acid Estimated and  Derived by NONLIN Least-Squares Fit t ing in  Control 
Rats  (Three-Compartment Model) a n d  4-Day Phenobarbital-Treated Rats  (Two-Compartment Model) 


Control Treated Statistical Significance 
Parameter (Three-Compartment) (Two-Compartment) of Difference ( p )  


178.95 f 13.15 
0.2474 f 0.0640 
0.1821 f 0.0410 
0.1051 f 0.0241 
0.0761 f 0.0281 
0.1041 f 0.0083 
0.5812 
0.1068 
0.0234 f 0.0029 
278.90 
344.65 ~~~ ~~ 


802.50 
18.63 f 2.02 
29.62 f 3.67 
0.997 


151.30 f 10.35 
0.5312 i 0.0413 
0.2706 f 0.0139 


0.1574 f 0.0112 
0.9125 f 0.1465 
0.0466 f 0.0063 


297.00 f 34.25 


448.30 f 35.78 
23.81 f 2.35 
14.87 f 2.01 
0.998 


N.S. 


<0.001 


N.S. 
<0.005 


blood samples were obtained in a single study portion since each group 
of control and phenobarbital-treated rats involved only seven blood 
samples. 


GLC Analysis-I, 11, and 111 were quantitatively determined by GC 
using a flame ionization detector3. These procedures were essentially the 
same as those described previously (10). 


Phenobarbital Pretreatment-Mandelic Acid (I&-A 5-day pre- 
treatment schedule for rats with phenobarbital was chosen because nu- 
merous literature reports have indicated that a maximum drug metab- 
olizing enzyme induction effect of phenobarbital is produced within -3 
days of pretreatment with a daily 20-100-mg/kg ip dose of phenobarbital. 
I t  was felt that if there was an effect of phenobarbital, a 5-day treatment 
period would be adequate to produce a maximum effect on the phar- 
macokinetic behavior of 11. 


Since phenobarbital treatment influenced the pharmacokinetics of 
11, it was of interest to determine if the maximum effect of phenobarbital 
on the pharmacokinetics of the compound was produced in a 5-day 
treatment. Therefore, the pharmacokinetics of I1 were also studied in rats 
treated with a daily 20-mg/kg ip dose of phenobarbital for 1 day and for 
10 days. 


Benzoylformic Acid ([)--It was noted that a substantial effect of 
phenobarbital on the pharmacokinetics of I1 could occur in rats even after 
a 1-day treatment and that a maximum effect occurred after a 5-day 
treatment. Possibly, the maximum effect of phenobarbital on the phar- 
macokinetics of the compound might have occurred after treating rats 
with phenobarbital for less than 5 days. To determine this possibility with 
I, the pharmacokinetics were studied in 4-day phenobarbital-treated rats. 
Additional pharmacokinetic studies of the compound were carried out 
in 6- and 10-day phenobarbital treated rats where each rat received a daily 
20-mg/kg ip dose of phenobarbital. 
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Figure 2-Biexponential semilogarithmic plots of blood concentrations 
of mandelic acid obtained in control (0) and phenobarbital-treated (0) 
rats. T h e  solid lines are the NONLIN least-squares regression lines for 
the data of respective groups of rats. 


a Hewlett-Packard Model 5720. 


p-Methyl Benzoylformic Acid (IlI)-Since the maximum effects of 
phenobarbital on the pharmacokinetic parameters of I 1  and I were ob- 
served in rats after 4 to 5 days of phenobarbital treatment, it was thought 
possible that the maximum effect of phenobarbital treatment on the 
pharmacokinetic parameters of 111 would be observed in less than 4 days 
of phenobarbital treatment. Therefore, the pharmacokinetics of 111 were 
studied in 3-day phenobarbital-treated rats. 


To determine if the maximum effect on the pharmacokinetic param- 
eters of the compound was produced after a 3-day phenobarbital treat- 
ment, additional pharmacokinetic studies of the compound were carried 
out in 5-day phenobarbital-treated rats. In that study, each rat also re- 
ceived a daily 20 mg/kg ip dose of phenobarbital. 


Overall Urinary Recovery of t h e  Tested Compounds in Pheno- 
barbital-Treated Rats-Studies were done to determine if intravenous 
doses of I1 (5 mg), I (7.5 mg), and 111 (5 mg) are recovered in the urine of 
phenobarbital-treated rats entirely in the unchanged form. After ad- 
ministering intravenous doses of 11, I, and 111 to rats treated with phe- 
nobarbital (20 mg/kg ip) for 5,4, and 3 days, respectively, urine samples 
were collected for 12-24 hr for I1 and 1 and for 3-5 hr for 111. 


Binding of Tested Compounds by Blood from Phenobarbital- 
Treated Rats-The fact that I, 11, and 111 are negligibly bound to whole 
blood of untreated rats has been demonstrated previously (8, 10). 
Therefore, the binding of these compounds was studied only with blood 
from rats treated with phenobarbital for 3-5 days. These determinations 
were carried out a t  37" by the equilibrium dialysis method previously 
described for these compounds (10). The amount of a given compound 
used in these studies was calculated on the basis of its apparent distri- 
bution volume of the central compartment determined in the pheno- 
barbital-treated rats from the blood level studies described later. 


RESULTS 
In previous demonstrations (8, lo) ,  all of the intravenously adminis- 


tered doses of I, 11, and 111 were recovered unchanged in untreated rat 
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Figure 3-Monoexponential semilogarithmic plots of blood concen- 
trations of p-methyl benzoylformic acid obtained in control (0) and 
phenobarbital-treated (0) rats. T h e  solid lines are the least-squares 
regression lines for the data of  respective groups of rats. 
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Table 11-Comparison of Two-Compartment Model Pharmacokinetic Parameters  Determined for  Benzoylformic Acid in 4-, 6-, and  
10-Day Phenobarbital-Treated Rats  


Duration of Phenobarbital Treatment 
Parameter 4 Days 6 Days 10 Days 


VI, ml/kg 151.30 f 10.35 
k l z ,  min-’ 0.5312 f 0.0413 
kzl, mjn-l 0.2706 f 0.0149 
Kel, m1n-I 0.1574 f 0.0112 
a,  min-1 0.9125 f 0.1465 
/3, min-1 0.0466 f 0.0063 
V2, ml/kg 297.00 f 34.25 
V,,, m l k g  448.30 f 35.78 
KeIV1, ml/min/kg 23.81 f 2.35 
t IIZP, min 14.87 f 2.01 
Correlation, r 0.998 


urine. In the present study, virtually 100% of the dose of each compound 
administered to phenobarbital-treated rats was recovered unchanged 
in the urine, indicating negligible metabolism of the compounds in the 
rats. The urinary recoveries of 11, I, and 111 were 99.13 f 0.12(n = 3), 99.47 
f 0.3(n = 4), and 98.1 f l.O%(n = 5), respectively. 


Negligible binding of the tested compounds to plasma proteins in 
untreated rats has been demonstrated previously (8, 10). From the 
equilibrium dialysis studies, the binding of these compounds to the whole 
blood of phenobarbital-treated rats varied from 0.4 to 3.370, which is 
negligible. 


Pharmacokinetics of I in Control and  Phenobarbital-Treated 
Rats-The blood level data obtained for I in the control and phenobar- 
bital-treated rats were plotted on semilogarithmic graph paper. Since 
these plots indicated multiexponential concentration decline of the 
compound, they were resolved into all possible linear exponential seg- 
ments upon feathering the data by the method of residuals. While the 
data for the control rats could be resolved into three linear exponential 
segments, the data for the phenobarbital-treated rats could be resolved 
into only two linear exponential segments. This indicates that I shows 
characteristics of a three-compartment model in the control rats (Scheme 
I, Fig. l) ,  as was observed previously in saline-untreated rats (10). But 
I shows characteristics of a two-compartment model in the phenobarbi- 
tal-treated rats (Scheme 11, Fig. l).Therefore, the blood levels of the 
compound obtained in the control rats and the phenobarbital-treated 
rats were analyzed according to the three-compartment model kinetics 
and two-compartment model kinetics, respectively. As shown in Schemes 
I and 11, the fact that  elimination of I occurs from the central compart- 
ment only by urinary excretion (10) is asserted by demonstrating that 
the intravenous dose of the compound is completely recovered in the 
urine. 


In Schemes I and 11, XI, Xz, and X3 represent the amounts of I a t  time 
t in the central compartment, tissue compartment I, the tissue com- 
partment 11, respectively; V1, V2, and Vs represent the apparent distri- 
bution volume for the compound in the respective compartments. The 
variable X, is the amount of the compound excreted in the urine up to 
time t .  The variable Kel is the apparent first-order rate constant of 
elimination of the compound from the central compartment, and klz, kzl, 
k13, and k31 are the apparent first-order rate constants for the transfer 
of the compound between the given compartments. 


The general solution for the three-compartment open model is given 
by the following equation (12): 


C = C1 e-at + Cz  e-ot + C3 e - y t  (Eq. 1) 


where C is the concentration of the compound in the blood a t  any time 


145.60 f 10.80 
0.4593 f 0.0431 
0.2214 f 0.0109 
0.1646 f 0.0107 
0.7998 f 0.0674 
0.0456 f 0.0010 
302.05 f 39.03 
447.65 f 40.49 


23.96 f 2.36 
15.19 f 0.33 
0.997 0.994 


150.25 f 10.60 
0.3777 f 0.0563 
0.2339 i 0.0253 
0.1571 f 0.0093 
0.7176 f 0.1249 
0.0512 f 0.0063 
242.62 f 47.85 
392.87 f 49.00 
23.60 f 2.16 
13.53 f 1.66 


t. The concentrations in Fig. 1 are normalized on the basis of the intra- 
venous dose of 7.5 mg of I/200 g rat body weight. The preliminary esti- 
mates of the intercepts (Cl, Cp, and C3) and slopes (-a/2.303, -p/2.303, 
and -y/2.303) due to the three linear exponential segments (Fig. 1) were 
obtained by the least-squares method. Using the preliminary estimates 
of C1, CZ,  C3, a, p, and y, the initial estimates of K,I, k l z ,  kzl, k 13, and 1231 
were obtained using the appropriate well-known equations (12). The 
preliminary estimate of V1 was obtained from V1= dose/Ct + C2 + C3. 
Using the initial estimates of these rate constants and V1, the blood level 
data of the control rats were analyzed by the NONLIN least-squares 
program (13) and refined estimates of V1, k12, k z l ,  k13, k31, and K,1 with 
their standard deviations and those of a, p, and y without their standard 
deviations were obtained. Using the estimated values of these parameters, 
the values of VZ and V3 were calculated using the appropriate equations 
(12). Values of V,, (V1 + Vz + V3), blood clearance or body clearance 
(KeIV1), and elimination phase (tllz = 0.693/y) were calculated. The 
estimated and derived pharmacokinetic parameters are listed in Table 
I. The apparent volume of the central compartment (V1) refers to the 
blood volume and the fluid volume of highly perfused tissues which are 
readily accessible to the compound, and Vp and V3 refer to the apparent 
volumes of fluids of the “shallow” and “deep” tissues, respectively. 


The general solution for the two-compartment open model is given by 
the following equation: 


(Eq. 2) C = Ae-ai +Be-Pt 


where C is the concentration of the compound in the blood a t  time t. 
Preliminary estimates of the intercepts (A and B )  and slopes (-a/2.303 
and -p/2.303) for the two linear exponential segments (Fig. 1) were ob- 
tained by the least-squares method. Using the preliminary estimates of 
A, B ,  a, and 0, the initial estimates of klz, kpl, and& were obtained by 
using known equations (12). The preliminary estimate of V1 was obtained 
from V1 = intravenous dose/A + B. Using the initial estimates of k 12. kzl, 
K,I, and V1, the blood level data of I obtained in the phenobarbital- 
treated rats were analyzed by the NONLIN least-squares program (13) 
and the refined estimates of V1, klz, kz1, and K,I with their standard 
deviations and those of a and p without their standard deviations were 
obtained. Using the estimated values of these parameters, Vp [V, 
( k ~ z / k z ~ ) ]  was calculated. The values of V,, (Vl + Vz), elimination phase 
(t1/2 = 0.693//3), and body clearance (KelV1) were also calculated. The 
estimated and derived pharmacokinetic parameters of the compound 
obtained in the 4-day phenobarbital-treated rats are listed in Table I and 
those obtained in the 6- and 10-day phenobarbital-treated rats are listed 
in Table 11. 


Pharmacokinetics of 11-The semilogarithmic graphical analysis 


Table  111-Pharmacokinetic Parameters  Estimated and  Derived fo r  the Two-Compartment Model by NONLIN Least-Squares Fit t ing 
for  Mandelic Acid in Control and 5-Dav Phenobarbital-Treated Rats  


Parameter Control Treated 
Statistical Significance 


of Difference ( p )  


V1, ml/kg 
k 12, min-’ 
k21, mjn-’ 
Kelt m1n-l 
a, min-1 
/3, min-1 


~ 


447.85 f 15.60 
0.0535 f 0.0075 
0.0854 f 0.0080 
0.0377 f 0.0021 
0.1561 f 0.0458 
0.0206 f 0.0056 
28055 I48.31 
728.40 f 50.77 


16.88 f 1.11 
33.64 f 8.40 
0.995 


190.15 4 26.85 ~ 


0.1912 f 0.0479 
0.2542 f 0.0385 
0.0949 f 0.0114 
0.4913 f 0.1343 
0.0491 f 0.0095 
143.00 f 46.47 
333.15 f 53.67 


18.04 f 3.34 
14.11 f 2.73 
0.989 


<0.001 
<0.001 
<0.001 
<0.001 
<0.05 
<0.05 
<0.05 
<0.001 
N.S. 


<0.05 t IIZP, min 
Correlation. r 
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Table IV-Comparison of Two-Compartment Model Pharrnacokinetic Parameters  Determined for  Mandelic Acid in 1-, 5-,  and 10-Day 
Phenobarbital-Treated Rats  


Parameters 
Duration of phenobarbital Treatment 


1 Day 5 Days 10 Days 


VI, ml!kgl 
k lz ,  min- 
kzl, min-' 
Kelt min-l 
a, min-1 
0, min-1 
V2, ml/kg 
V,, , ml/kg 
K,IVI, ml/min/kg 
t 1/20, min 
Correlation ( r )  


162.35 f 15.55 
0.1937 f 0.0270 
0.1120 f 0.0121 
0.0973 f 0.0095 
0.3739 f 0.0713 
0.0292 f 0.0036 
280.75 f 56.34 
443.10 f 58.43 


15.79 f 2.16 
23.73 f 2.92 
0.997 


190.15 f 26.85 
0.1912 f 0.0479 
0.2542 f 0.0385 
0.0949 f 0.0114 
0.4913 f 0.1343 


165.90 f 11.45 
0.2019 f 0.0191 
0.1927 f 0.0114 
0.1093 f 0.0071 
0.4580 f 0.0532 


0.0491 f 0.0095 
143.00 f 46.47 
333.15 f 53.67 


18.04 f 3.34 
14.11 f 2.73 
0.989 


0.0460 f 0.0035 
173.80 f 22.73 
339.70 f 25.47 


18.13 f 1.71 
15.06 f 1.15 
0.996 


Table V-Comparison of the One-Compartment Model Pharmacokinetic Parameters  Determined for  p-Methyl Benzoylformic Acid 
in Control Rats  and in 3- and 5-Day Phenobarbital-Treated Rats  


Statistical 
Duration of Significance 


Phenobarbital Treatment of Difference ( p )  
Parameters Control 3 Days 5 Days 3-Day" 5-Dava 


v d  , m!/kgl 
K,I, min- 0.0689 f 0.0092 
Ke1 Vd ,, ml/min/kg 
t 112, mln 
Correlation (r) 0.971 


222.35 f 25.85 


15.33 f 2.71 
10.06 f 1.34 


251.28 f 29.65 
0.1053 f 0.0106 
26.46 f 4.10 
6.58 f 0.66 


0.982 


242.47 f 11.18 
0.1049 f 0.0047 
26.45 f 1.69 
6.61 f 0.29 


0.993 


N.S. N.S. 
<0.05 <0.01 
<0.05 <0.01 
<0.05 <0.05 


Compared to the control. 


of blood level data obtained for I1 both in the control and the pheno- 
barbital rats indicated that blood levels of the compound declined 
biexponentially (Fig. 2). Therefore, these data were analyzed according 
to two-compartment model kinetics, with the elimination of the com- 
pound occurring from the central compartment. The blood concentra- 
tions in Fig. 2 are normalized on the basis of the 5 mg iv dose/200 g rat 
body weight; the blood level data were treated with Eq. 2. The preliminary 
estimates of the intercepts ( A  and B )  and slopes (-a/2.303 and -P/2.303) 
due to the two resolved linear exponential segments were obtained by 
the least-squares method. Using the estimates of A ,  B ,  a, and P, the initial 
estimates of V1, klz, kzl, and Kel were obtained by the method described 
previously. The refined estimates of V1, k12, k21, and K,I with their 
standard deviations and those of a and P without their standard devia- 
tions were obtained using the NONLIN least-squares program (13). Using 
computer estimated values of these parameters, the estimates of VZ, V,,, 
elimination phase ( t 1 / 2 ) ,  and K,IV1 were calculated. The estimated and 
derived pharmacokientic parameters of I1 obtained in the control rats 
and the 5-day phenobarbital-treated rats are listed in Table I11 and those 
obtained in the 1-day and 10-day phenobarbital-treated rats are listed 
in Table IV. 


Pharmacokinetics of 111-The blood levels of 111 in both the control 
rats and the phenobarbital-treated rats declined monoexponentially (Fig. 
3), indicating a one-compartment open model. The concentrations in Fig. 
3 are normalized on the basis of the 5 mg iv dose of III/200 g rat body 
weight. The blood level data were treated according to the following 
equation: 


log C = log Co - Kelt/2.303 (Eq. 3) 


where C is the concentration of the compound a t  time t ,  CO is the con- 
centration of the compound a t  zero time, and K,I is the apparent first- 
order rate constant of elimination of the compound. Values of CO for the 
compound were determined from the intercepts obtained by extrapo- 
lating the respective least-squares lines to zero time (Fig. 3). The volumes 
of distribution and the biological half-lives (tllz) were calculated ac- 
cording to the equations vd  = intravenous dose/& and t 112 = 0.693/Kel. 
The value of K,, was calculated from the slope (-Ke1/2.303) of the 
least-squares lines. The pharmacokinetic parameters thus determined 
for the compound in the control rats as well as in the 3- and 5-day phe- 
nobarbital-treated rats are listed in Table V. The body clearance (KelVd) 
of the compound was also calculated. 


Statistical Considerations and Treatment-Since only one blood 
sample was obtained from a rat at  a given time following the intravenous 
administration of the compound under study, each data point in Figs. 
1-3 and other pharmacokinetic studies represents the concentration of 
the compound in a single rat. This procedure was the same as that em- 


ployed in previous pharmacokinetic studies (10) of these compounds in 
saline-untreated rats where the correlation coefficient observed between 
the concentration and time values was >0.991. There were reasons for 
using this procedure, instead of performing the study in a single rat by 
collecting the blood samples over the duration of the study following 
intravenous administration of a compound. 


If a complete pharmacokinetic study of a compound were performed 
in a single rat, the total volume of blood that would have been withdrawn 
would have amounted to as high as 6 ml. The sensitivity of the assay 
procedures for these compounds a t  low intravenous doses would have 
necessitated the withdrawal of 0.2-0.3 ml of blood in each sampling 
during the initial period and 0.5-0.7 ml of blood in each sampling during 
the later period of the kinetic study. This would have been true especially 
in the case of I and I1 which confer upon the body the characteristics of 
multicompartment models. Withdrawal of such a high blood volume 
(about 40% of the total blood volume of a 200 g rat) would have been 
undesirable. In conjunction with the blood level pharmacokinetic studies 
carried out previously (lo), the pharmacokinetics of these compounds 
were also studied from urinary excretion data (14) by performing (unlike 
in the blood level studies) complete pharmacokinetic studies in individual 
rats, since the sensitivity of the same assay procedure used for blood 
samples was not prohibitive in the quantitative determination of the 
amounts of compounds excreted in the urine. In these urinary excretion 
studies (14) a minimum subject-to-subject variation was observed in the 
excretion rates and elimination phase half-lives of these compounds, 
thereby supporting the assumption that rats showed minimum variations 
in the blood concentrations and half-lives of the compounds. 


Therefore, in each pharmacokinetic study, a single blood concentration 
value of the compound was obtained per rat per time with the hasic as- 
sumptions of the regression model that  the single concentration variate 
corresponding to a given time is independently and normally distributed 
and the samples along the regression line have a common variance (15). 
The high correlation coefficient values between the two variates, con- 
centration and time, support this assumption. 


The standard deviation values indicated in Tables I-IV for the phar- 
macokinetic parameters V1, klz, k21, k13, k31, and K,I of I and V1, k12, k21, 
and Kel of I1 are the computer estimated values. According to the 
NONLIN least-squares program, the computer also estimated the values 
of a, /3, and 7, but without their standard deviations. The standard de- 
viations of these parameters and other derived pharmacokinetic pa- 
rameters of I and I1 were estimated by the following procedures: 


To estimate the standard deviation of /3, the data points of a given 
study obtained exclusively in the elimination P-phase were plotted ac- 
cording to the equation 1nC = InB - fit. The standard deviation (Cc, t )  
about the least-squares regression line thus obtained was estimated by 
the following formula (16): 
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n ' I  


J 
A 


The standard deviation of the slope (SDB) was then calculated by the 
formula 116): 


The standard deviations of a (= K . I L ~ ~ / P ) ,  V z  (= k l z V l / k z l ) ,  body 
clearance ( B C  = K,IVI),  vhs (= V I  + Vp), and tl/2@, (0.693//3) were esti- 
mated by the general approximate formulas (17,18): 


ua = [I(UKedKed2 + (ukpj/k21)'+ ( U P / P ) ~ I  ( ( Y ) ~ ] ~ "  


U V Z  = [ l ( ~ k 1 2 / k i z ) ~  + (uV i /V i )2  + ( ~ k z i / k 2 1 ) ~ 1  ( V Z ) ~ ] ' / ~  
UBC = [l(UKel/K,1)2 + (fJV,/V1)21 (BC)2]'/2; UV,, = [UV: + uv:]'/* 


and 
d l / p @  = 0.693 * O P / p 2  


In the case of I a direct comparison of Vs, V B ,  a ,  and /3, the pharmacoki- 
netic parameters of a three-compartment model in control rats, cannot 
be made with Vp, a, and P, the parameters of a two-compartment model 
in phenobarbital-treated rats. For this reason, and because of the complex 
equations from which Vp and V B  are obtained (12) for the three-com- 
partment model, no attempt was made to determine the standard de- 
viations of V Z ,  V B ,  a ,  and P for I in control rats. However, because it is 
appropriate to compare the three-compartment parameters y, t l / z l ,  and 
body clearance (K,iVi) with the equivalent two-compartment parameters 
0, t1/2@ and body clearance (KelV1), respectively, the standard deviations 
of these parameters were determined as described and used for deter- 
mining statistical differences between the corresponding parameters 
(Table I). 


In the case of 111, which followed one-compartment model kinetics, 
the standard deviation of K,i was obtained as follows. First, the standard 
deviation (&c,t) about the least-squares regression line from the plot of 
InC uersus t was obtained by (16): 


A 
The standard deviation of the slope (SDK,,) was then calculated from 
(16): 


The standard deviation of concentration of the compound at  zero time 
(Co) was estimated from the standard deviation of the slope of a least- 
squares regression line obtained by plotting C uersus e--Kelf according 
to the equation C = Coe-Kelt. 


For the three compounds used in the study, statistically significant 
differences between corresponding pharmacokinetic parameters obtained 
in the control and phenobarbital-treated rats were determined using t 
test statistics a t  p Q 0.05. 


DISCUSSION 
Benzoylformic Acid (1)-The three-compartment model noted for 


I with two kinetically distinguishable peripheral tissue compartments 
in the control rats was reduced to a two-compartment model with one 
kinetically distinguishable peripheral tissue compartment in the 4-day 
phenobarbital-treated rats as well as in 6- and 10-day phenobarbital- 
treated rats. The pharmacokinetic parameters determined for the com- 
pound in 6- and 10-day phenobarbital-treated rats (Table 11) were very 
similar to those determined in 4-day phenobarbital-treated rats. This 
indicates that the maximum effects of phenobarbital treatment on the 
pharmacokinetic parameters of the compound were indeed produced 
after a 4-day treatment with phenobarbital. 


Since different compartment models are observed in the control and 
phenobarbital-treated rats, V1, Kelt y, k,lV1, and t 112 elimination phase 
are the only pharmacokinetic parameters obtained for the compound in 
control rats which may be compared with the corresponding phar- 
macokinetic parameters in the phenobarbital-treated rats. It was ob- 


served that K,I and p of I in phenobarbital-treated rats were significantly 
greater than K,I and y in the control rats. The t L/Z of the compound in 
phenobarbital-treated rats was significantly shorter than that in control 
rats. Although there was a tendency for V I  to decrease and Kt.IVd to in- 
crease in the phenobarbital-treated rats, these changes were not signif- 
icant (p  = 0.05) (Table I). 


Mandelic Acid (11)-Table 111 shows that, except for K,IVI,  all 
pharmacokinetic parameters of I1 in the phenobarbital-treated rats were 
significantly different from those in the control rats. The parameters V1, 
Vp, V,,, and t 1 / 2 p  decreased, and K,I, a ,  and f i  increased in the pheno- 
barbital-treated rats compared with the corresponding parameters in 
the control rats. 


The comparison of the pharmacokinetic parameters (Table IV) of the 
compound in the 1- and 10-day phenobarbital-treated rats with those 
of the 5-day treated rats indicated that the effects of phenobarbital 
treatment are seen on certain parameters even after a 1-day treatment 
with phenobarbital, but the maximum effects on all parameters were 
certainly obtained after a 5-day phenobarbital treatment. The phar- 
macokinetic parameters obtained in the 10-day phenobarbital-treated 
rats were not significantly different from those obtained in the 5-day 
phenobarbital-treated rats. Some of the pharmacokinetic parameters 
noted in the 10-day phenobarbital-treated rats are very similar to those 
in the 5-day phenobarbital-treated rats. 


p-Methyl Benzoylformic Acid (111)-Table V shows that the 
pharmacokinetic parameters of 111 from the 5-day phenobarbital-treated 
rats were very similar to those obtained in the 3-day phenobarbital- 
treated rats, indicating that the maximum pharmacokinetic effects were 
produced in 3-day phenobarbital-treated rats. 


Except for v d ,  all pharmacokinetic parameters of 111 determined in 
3-day phenobarbital-treated rats were significantly different from those 
determined in the control rats. The values of K,1 and KeIVd increased 
and t1/2 decreased in phenobarbital-treated rats as compared with control 
rats. 


Effects of Phenobarbital  Treatment  on the Pharrnacokinetic 
Parameters of the Compounds-The effect of phenobarbital treatment 
on some pharmacokinetic parameters of the compounds studied seemed 
to depend on whether the compound conferred the characteristics of a 
one-, two-, or three-compartment model on the body. The effect on some 
other pharmacokinetic parameters appeared to be model independent. 
These effects are as follows: 


1. The biological half-lives ( t l l z )  of all compounds were significantly 
shorter in the phenobarbital-treated rats than those in the control 
rats. 


2. The elimination rate constants (K,I) of the compounds from the 
central compartment were significantly greater in phenobarbital-treated 
rats than in the control rats. 


3. The disposition rate constants (p) in phenobarbital-treated rats, 
which are a function of elimination and distribution of the compounds, 
were significantly greater than the corresponding disposition rate con- 
stants in the control rats (y in the case of I and 0 in the case of 11). 


4. The distributive phases observed for I and I1 were shorter in the 
phenobarbital-treated rats than in the control rats. 


5.  A reduction in the apparent distribution volumes of the peripheral 
tissue compartments for I in phenobarbital-treated rats became evident 
by the fact that  a three-compartment model in the control rats was re- 
duced to a two-compartment model in the phenobarbital-treated rats. 
In the case of I1 (which displayed two-compartment model characteristics 
in both control and phenobarbital-treated rats), the apparent distribution 
volume of the peripheral tissue compartment ( Vz)  was significantly 
smaller in the phenobarbital-treated rats than that in the control rats. 


6. The apparent distribution volume of the central compartment 
(V1) of 11 was significantly smaller in the phenobarbital-treated rats than 
in the control rats. However, V1 of I (three-compartment in control rats) 
and vd of 111 observed in the phenobarbital-treated rats were not found 
to be significantly different from those observed in the control rats. 


7. The body clearance (KelVd) of 111 was significantly greater in 
phenobarbital-treated rats than in the control rats. In the case of I and 
11, although there was a tendency for body clearance (K,lV1) to be greater 
in the phenobarbital-treated rats, such increases were not significantly 
different, most probably because the increase in K,I was offset by a si- 
multaneous decrease of V l .  


Thus, the major effects produced by the phenobarbital treatment were 
to shorten the biological half-lives of the compounds used, irrespective 
of the pharmacokinetic model displayed, and to reduce the apparent 
distribution volumes of the peripheral tissue compartments of the 
compounds which displayed multicompartment model pharmacoki- 
netics. 
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The known in uiuo effects of phenobarbital treatment are to induce 
drug metabolizing microsomal enzymes (1,3), to increase the bile flow 
(19, 20), and increase the liver (21) and kidney (7) blood flows. These 
effects potentially can shorten the biological half-lives of compounds, 
but since the compounds used in this study were not metabolized and 
were excreted in the urine entirely in the intact form by the phenobar- 
bital-treated rats, the enzyme induction effect was not expected to in- 
fluence their biological half-lives. The increase in the biliary flow and liver 
blood flow was also expected to have little or no effect on the kinetic 
dispositions of these compounds. Since the increased blood flow to  the 
kidney is compensated by the autoregulation of the kidney to yield a 
constant blood flow to the glomerulus (7), no effect on the glomerular 
filtration rates of the compounds is expected. However, recent reports 
(7) have shown that the renal tubular secretion rates of p-aminobippuric 
acid increased in phenobarbital-treated rats. This effect was attributed 
to the increase in the renal tubular transport system available for the 
compound in rats. Since I, 11, and 111 are secreted by the renal tubules 
of rats (9, 22), the contribution of this factor in increasing K,1 of the 
compounds or in shortening their biological half-lives is possible. 


The effects of phenobarbital treatment on the distribution phar- 
macokinetic parameters of the compounds that displayed multicom- 
partment pharmacokinetics appear to be consistent with the hypothesis 
that phenobarbital treatment of rats may also increase the concentration 
of proteins and phospholipids in the membranes of tissue cells other than 
those of liver and kidney. Consequently, the rate of diffusion of the ionic 
species of the compounds through the aqueous pores of the tissue cell 
membranes decreases. One mechanism which has been widely recognized 
(23-29) for transmembrane transport of solutes is diffusion through 
aqueous pores. Previous pharmacokinetic studies (10, 22) of I, 11, and 
several of their para-alkylated homologs, showed that the alkyl groups 
in these model organic anions decreased the apparent distribution vol- 
umes of the peripheral tissue compartments in rats, instead of increasing 
such distribution volumes as might have been expected due to the pres- 
ence of lipophilic alkyl groups. Therefore, it was proposed (10,22) that 
the distribution of these organic anions from the central compartment 
to the peripheral tissue compartments occurs mainly through aqueous 
pores of the tissue cell membranes. 


No direct evidence has been obtained to show that the concentration 
of proteins and phospholipids of various tissue cell membranes increased 
resulting in reduction of the aqueous pore size of the membranes. How- 
ever, the rationalization of the results of this study on the basis of the 
following considerations supports this possible effect of phenobarbital 
treatment in rats. It was previously indicated(l0, 22) that  the anionic 
forms of the compounds studied interact with the components (proteins 
and phospholipids) of the lining of aqueous pores while diffusing through 
them by means of intermolecular forces such as electrostatic interaction, 
hydrogen bonding, and hydrophobic bonding. By considering the slight 
differences in the chemical structures of these anions, the variations in 
the composition of cell membranes of various tissue cells (30), the possible 
differences in the degree of intermolecular interactions with aqueous pore 
lining, and the heteroporosity (31-33) of the membranes, the existence 
of a three-compartment open model for I and a two-compartment open 
model for I1 was explained (10). 


I t  is also recognized that the membranes of most organs are hetero- 
porous, with pore size ranging from 8 to 320 A, with a mean pore size range 
of 70-120 A (31-33), and that only about one-fourth of the total pore size 
constitutes the effective space for the diffusion of solute molecules 
through a pore (34). Therefore, the possible phenobarbital treatment 
induced reduction in the aqueous pore size would be expected to cause 
greater intermolecular interactions of the anions with the constituents 
of the pore lining and cause a decrease in the penetration of the anions 
into the tissue. This may decrease the apparent distribution volume oc- 
cupied by the anions in that tissue. 


The two peripheral tissue compartments noted for I in the control rats, 
were thought to be due to those organs whose aqueous pores exhibit weak 
hydrogen bonding with the I molecules and due to those organs whose 
aqueous pores exhibit strong hydrogen bonding with the I molecules (10, 
22). In the phenobarbital-treated rats, only one peripheral tissue com- 
partment was kinetically distinguishable. This may be due to the phe- 
nobarbital affecting the size of aqueous pores in the two tissue com- 
partments such that the strengths of hydrogen bonding of the I anions 
with the aqueous linings of one tissue compartment were similar to those 
of the other tissue compartment. 


I t  may be pointed out that  the decrease in the distribution volumes 
observed in the phenobarbital-treated rats is for the compounds that 
display multicompartment characteristics and exist in the blood in the 
ionized form. Such changes in the distribution volume may not be ob- 


served for multicompartment model compounds that exist in the blood 
in the nonionized form. These compounds generally have greater mem- 
brane solubility and are expected to diffuse through the entire memhrane 
surface of which aqueous pores constitute only a fractional surface area. 
Furthermore, if the shortening of the biological half-lives of these com- 
pounds is due to the stimulation by phenobarbital of their renal tubular 
secretion mechanism, changes in the biological half-lives may not be 
observed for compounds not involved in renal tubular secretion but are 
excreted in the urine due to glomerular filtration. Studies with model 
drugs supporting these hypotheses are presented elsewhere (35). 
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Abstract A series of guanazole prodrugs, which are less water soluble 
than the parent compound and have relatively higher molecular weights, 
was recently synthesized, and their antineoplastic activities were mea- 
sured in uitro. In the present work, the ionization constants and partition 
coefficients of these compounds were measured for the first time. In 
contrast to guanazole, which is a weak base, guanazole prodrugs have been 
shown to be weak to moderate acids due to  the electronic effects of the 
acyl group and the heterocyclic ring. Possible tautomeric and resonance 
structures are presented to account for the pKa values observed. Both 
the inductive and resonance effects of the substituent are important in 
determining the values of the ionization constant. The preparation of the 
prodrugs not only altered the lipophilicity but also drastically changed 
the acid-base property of the parent compound. The observed true 
partition coefficient values in most guanazole prodrugs studied were 
higher than those calculated from the *-constants. Under highly ionized 
conditions, the small amount of water in the octanol layer has a significant 
effect in trapping a substantial amount of the ionized species in the oc- 
tanol layer and gives rise to a higher log P value than expected. Under 
nonionized conditions, intramolecular hydrogen bonding plays an im- 
portant factor in electron delocalization and reduction of hydrogen 
bonding with water molecules, causing the nonionized species of the 
guanazole prodrugs to be more lipophilic than expected. 


Keyphrases Guanazole-prodrugs, ionization constants and partition 
coefficients Ionization constants-guanazole prodrugs Partition 
coefficients-guanazole prodrugs Prodrugs-guanazole, ionization 
constants and partition coefficients Antitumor agents-guanazole 
prodrugs 


Guanazole, a known ribonucleotide reductase inhibitor 
was shown to have antitumor activity against the murine 
leukemias L-1210 and K-1964, carcinoma, and reticulum 
cell sarcoma A-RCS (1). Brockman et al. found that gua- 
nazole acts by inhibiting the incorporation of adenine, 
hypoxanthine, and uridine into DNA to a much greater 
extent than into RNA (2). 


BACKGROUND 
Guanazole has been shown to be effective clinically in patients with 


acute and chronic myelogenous leukemias (3). In addition to the side 
effects observed in therapy with guanazole, such as hematological toxicity 
and some myelosuppression (4,5), guanazole has some biopharmaceutical 
disadvantages. Pharmacokinetic studies on guanazole have shown that 
9.5% of the drug was excreted in the urine of mice within 3 hr and most 
of i t  was unchanged (6). I t  also has a very short half-life: 30 min in mice 
(7), 68 min in rats (8), and 5 hr in humans (8, 9). Thus, a high dose or 
continuous administration is necessary to obtain the required therapeutic 
effect. The short half-life of guanazole can be attributed to its high po- 
larity and its low molecular weight. 


To circumvent these problems, a series of new guanazole prodrugs was 
prepared by acylation of guanazole by various organic anhydrides and 
acid chlorides (10). The antineoplastic activity in uitro against leukemia 
L-1210 has already been studied. The results showed that four of the 
prodrugs had comparable or greater in uitro activity than guanazole itself. 
(In uiuo testing is presently being conducted by the National Cancer 
Institute.) 


To carry out structure-activity relationship studies to serve as 
guidelines for further molecular modification, it is necessary to have 
pertinent physicochemical parameters for the guanazole prodrugs. 
However, these properties of the new compounds are not available in the 
literature. This need prompted the investigation of the ionization con- 
stants (pKa) and partition coefficients (log P) since these are the most 


important physicochemical constants used in structure-activity rela- 
tionship studies (11). 


Guanazole prodrugs have a triazole structure with two ionization sites, 
deprotonation and protonation. However, under the present experimental 
conditions, pKa values represent only the deprotonation process. Since 
the optical properties of the undissociated forms differ from those of the 
dissociated forms, UV spectroscopy was utilized to measure the pKa 
values of the prodrugs. 


The partition coefficient (log P )  may be measured at  a pH in which the 
drug is partially ionized and partially nonionized (12, 13). However, the 
ionized form of a molecule does not partition into octanol(13). The true 
partition coefficient may be calculated from the observed value, the buffer 
pH, and the pKa of the compound. Therefore, the apparent partition 
coefficient is pH dependent (14-16) and should be converted to the “true” 
(corrected) partition coefficient, which is pH independent as indicated 
by the following: 


(Eq. 1) -- CO p,,,, = ~ - 
C,(1 - a) (1 - a) 


where P,,,, is the corrected partition coefficient, Pa,, is the apparent 
partition coefficient, C, is the concentration of the drug in the organic 
phase, C, is the concentration of the drug in the aqueous phase, and N 
is the degree of ionization calculated from the Henderson-Hasselbalch 
equation (17) as follows. For acids: 


1 
1 + antilog (pKa - pH) a =  (Eq. 2) 
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Figure 1-UVspectrum of 3,5-diacetamido-l,2,4-triazole. Key:  -, p H  
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Table I-Structural Formulas of Guanazole Prodrugs Table 11-Ionization Constants and the Apparent and Corrected 
Parti t ion Coefficients of Guanazole Prodrugs 


Log P Observed 
Compound pKa Calc. 1 - a Log Log P c o n  


‘H 


Chemical Name R R 
I 3,5-Diacetamido-1,2,4-triazole COCH3 COCH3 
I1 3,5-Di ropionamido-1,2,4-triazole COCH2CH3 COCHzCH3 


111 3,5-Di~utyramido-1,2,4-triazole COCH2CHz- COCH2CHz- 
CH3 CH3 


IV 3,5-Di(trifluoroacetamido)- COCF3 COCF3 
1,2,4-triazole 


V 3-Amino,5-heptafluorobutyr- H COC3F7 
amido-1,2,4-triazole 


azole 


VI 3,5-Dibenzamido-1,2,4-triazole COC& COCsH5 
VII 3,5-Di(p-nitrobenzamido)-1,2,4-tri- COCsH4N02 COCsH4N02 


For bases: 
1 


1 + antilog (pH - pKa) 
a =  (Eq. 3) 


An aqueous phase with a suitable buffering system is required to en- 
hance the dissolution and ionization or to maintain a particular pH with 
an organic solvent. However, the effects of buffer species on the apparent 
partition coefficient were not studied until recently (12). I t  was found 
that phosphate buffer is the best system for measuring the true partition 
coefficient for quantitative structure-activity relationship work for both 
acidic and neutral drugs whenever the drug is soluble in this system. For 
many drugs, it is necessary to correct for the discrepancies when different 
buffer systems are used. 


Due to the limited solubility, the phosphate buffer is not suitable for 
some of the prodrugs studied. I t  was also observed that the degree of 
ionization of some prodrugs is very high with most of the buffer systems. 
Accordingly, the small amount of water molecules in the octanol layers 
may trap a reasonable amount of the ionized species, giving rise to a 
higher log P value than predicted (12, 18). 


EXPERIMENTAL 


Materials-A UV spectrometer’ equipped with a digital recorder, a 
pH meter2, and an automatic ele~trobalance~ were used. Buffer solutions 
such as hydrochloric acid-potassium chloride (pH 1.0-2.5), acetate (pH 
3.6-5.9), phosphate (pH 6.&8.0), tromethamine (pH 7.2-9.0), borate (pH 
9.2-10.7), and bicarbonate (pH 9.28-10.1) were prepared as reported (19). 
They were then stored as 0.1 N solutions and diluted to the proper ionic 
strength (17.20). The pH values were then adjusted by using 0.1 N HCI 
or 0.1 N NaOH. 


Compounds-Guanazole prodrugs (Table I) were synthesized previ- 
ously (10). Guanazole (3,5-diamino-1,2,4-triazole) was obtained com- 
mercial]~~.  The melting point (158’) of salicylic acid5 was determined 
to check for purity. 


Purification of Octanol-0ctanol6 was purified by shaking with 1 
N sodium hydroxide, 1 N sulfuric acid, and 5% sodium bicarbonate and 
then drying with excess anhydrous magnesium sulfate and fractional 
distillation (21.22). The purified solvent did not show any UV-absorbing 
impurities (200-800 nm) for the boiling range of 192-195O. 


Determination of Ionization Constants-A previously described 
procedure (17) was used for the determination of ionization constants. 
Its accuracy was checked with an authentic sample of salicylic acid (at 
25O),  and the result (2.94) was in close agreement with that reported (2.97) 
(23). The concentration of the buffers utilized for compounds I-VII was 
0.05 M. 


Determination of Apparent and True  (or Corrected) Parti t ion 
Coefficients-An accurate weight of the drug under investigation was 
dissolved in a suitable buffer solution to make up the stock solution (100 
ml). The problem of low solubility was circumvented by the use of 2% 
CzHbOH, 1% (CH3)zSO, or 0.05 N NaOH (pH 12.4). Aliquots of the stock 
solution were partitioned between the 1-octanol-aqueous system (each 


~ -~ 


Perkin-Elmer double-beam Coleman 124. * Beckrnan model 3500. 
CAHN 25 
Aldrich Chemical Co. 
Mallinckrodt Chemical Works. 
Fisher Chemicals. 


I 9.35 -2.70 0.989637 -1.02 -1.01 
I1 9.34 -1.48 0.991776 -0.06 -0.07 
111 9.34” -0.54 0.990040 0.78 0.79 
IV 5.90 -1.56 0.034265 -0.86 0.62 
V 6.10 0.96 0.047727 0.23 1.54 


VI 10.21 0.50 0.006415 -0.95 1.25 
VII 8.64 0.44 0.953309 0.53 0.55 


The pKa of the dipropionated form was used. 


phase being presaturated with the other) in 50-ml glass-stoppered bottles. 
These two phases were vigorously shaken by hand to ensure rapid dis- 
tribution. The bottles were then placed in a horizontal bottle shaker for 
3-4 hr a t  room temperature (25 f l o ) ,  followed by centrifugation of 10 
ml of the aqueous layer for 20 min. Alternatively, the partitioned phases 
were centrifuged for 1 hr a t  2000 rpm after 2 min of vigorous shaking. 


Standard curves were run from duplicate samples using two separate 
weighings of the drug. In most cases, a 1:l (v/v) ratio of 1-octanol to buffer 
(25 mk25 ml) was used. The drug concentration in the aqueous phase after 
centrifugation was measured from UV absorbance and deduced from the 
standard curve. The apparent partition coefficient was calculated from 
the equation: 


Papp = Coctanodcaqueous (Eq. 4) 


where Cocbnoi and Caqueoua are the prodrug concentrations in the octanol 
and aqueous phases, respectively. Based on the apparent partition 
coefficient and its corresponding pH and pKa values, the true or corrected 
partition coefficient value was calculated from Eq. 1. 


RESULTS AND DISCUSSION 


The ionization constants and both the apparent and true (corrected) 
partition coefficients of Compounds I-VII were measured for the first 
time in this study and are listed in Table 11. 


Dedichen (24) first measured the basicity constants of 1,2,4-triazole 
and some of its 2-amino-3,5-dialkyl substituted products. The applica- 
bility of Hammett’s equation to the triazole ring was shown previously 
(25, 26). In addition, it was found (27) that basicity increases in the 
presence of an electron-donating group but decreases in the presence of 
an electron-withdrawing group. By employing the Huckel approach in 
conjunction with the linear combination of atomic orbitals-molecular 
orbital (LCAO-MO) method, the protonation center in lH-l,2,4-triazole 
was shown to be the N-4 ring nitrogen atom (28). The basicity constants 
of a series of 5-(3)-substituted 3-(5)-amino-1,2,4-triazoles was determined 
by potentiometric titration (29). A high degree of quantitative correlation 
between the pKa values and the Hammett constants was found. Fur- 
thermore, the pKa from 3,5-diamino-1,2,4-triazole was 4.43, which was 
attributed to the conjugate acid of N-4 of the triazole ring (29). On the 
other hand, the ionization constants of the deprotonation of the hetero- 
imino group of a series of 1,2,4-triazole derivatives were measured pre- 
viously (30) and were in the range of 6.10-11.08. Consequently, it appears 


1H-diketo form ( A )  1H-dienol form (B) 
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1 HO H 
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Figure 2-UVspectrum of 3,5-dibenzamido-l,2,4-triazole. Key: -, p H  
5.00; and - - -, p H  12.50 


that the pKa values determined in this study (Table 11) belong to the 
deprotonation process of the weakly acidic amido -NHCO- group or 
the 1,2,4-triazole ring rather than to the protonation of any basic ni- 
trogen. 


This finding was utilized in determining the percent ionization at  the 
pH values used to measure the ionization constants of the compounds. 


Some work has been published on the tautomerism of 1,2,4-triazole 
derivatives (26, 31, 32); however, nothing has yet been reported con- 
cerning the tautomeric isomers of guanazole derivatives. Nevertheless, 
a theoretical postulate can be drawn for the possible tautomeric isomers 
of guanazole derivatives as shown in Scheme I. 


I t  has been shown (33) by IR spectral comparison of amidine analogs 
that alkyl groups (Y)  tend to prefer attachment to the amino system 2A 
rather than to 2 8  but that  the reverse is true for aryl groups. 


Chua et  al. (34) quantified the energy differences between the two 
possible tautomers by applying the basicity method (35), which depends 
on the formation of the cation for both the tautomeric forms A and B, and 
comparing their basicities to fixed models of A and B. From their findings, 
it appears likely that the tautomeric structure A is the predominant 
structure for 1-111. On the other hand, the tautomeric structures Band 
C are more likely for IV-VII. 


Apparently, there are two different kinds of tautomerism: the imino 
and keto-enol types. Furthermore, there are four possibilities for disso- 
ciation. A comparison of the UV spectra of the neutral and the anion 
species is important in determining the dissociation site. I t  was found 
(27) that the splitting off of a proton attached to the heteronitrogen atom 
of 3-nitro-1,2,4-triazole-5-carhoxylic acid causes a marked (50 nm) 
hathochromic shift in the UV spectrum while dissociation at  the carboxyl 
group of l-methyl-5-nitro-l,2,4-triazole-3-carboxylic acid gives a very 
small (5 nm) bathochromic shift. 


The UV spectrum of I (Fig. 1) a t  various pH values shows a negligible 
bathochromic shift (4 nm) of the B band of the triazole ring. Therefore, 
the dissociation process and the possible canonical forms of 1-111 can be 
represented by Scheme 11. 


Likewise, the UV spectra of the neutral and the anionic species of VI 
is shown in Fig. 2. For the neutral form, there are two absorption maxima, 
one at  260 nm, which is characteristic of the aromatic ring and is analo- 
gous to the K-band (36), and one a t  215 nm for the B-band, which is 
characteristic of the heteroaromatic ring. The splitting off of the proton 
causes a very strong hathochromic shift of 20 and 40 nm for the B- and 
K-bands, respectively. Therefore, the removal of the proton causes a 
delocalization of electrons in both rings, which indicates a possible 
pathway for the deprotonation process and the resulting resonance 
structures (Scheme 111). 


The UV spectrum of VII is shown in Fig. 3. There is a red shift (14 nm) 
for the K-band as compared to VI, which is attributable to the electron- 
withdrawing activity of the nitro group. However, the B-band remains 
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Figure 3-UV spectrum of 3,5-di(p-nitrobenzamido)-l,2,4-triazole. 
Key: -, p H  4.50; and - - -, p H  12.50. 


the same as that of VI. Deprotonation causes the solution to change from 
colorless to yellowish, but a negligible change is observed for both the K- 
and B-bands. The contributing structures for the visible absorption may 
be illustrated as shown in Scheme IV. 


From Table 11, i t  appears that there is a substantial dependence of the 
ionization constants on the electronic character of the substituent. The 
inductive and resonance effects both contribute to the ionization constant 
in a collective manner. 


It was shown (11) that changing the electronic properties of the sub- 
stituent groups may affect the prototropic equilibria and result in a more 
active tautomeric form of a particular drug. This investigation found that, 
in contrast to guanazole which is a weak base, guanazole prodrugs range 
from weak to moderate acids. Preparation of the prodrugs not only altered 
the lipophilicity but also drastically changed the acid-base property of 
the parent compound. 


Table I1 shows the measured and calculated values of the partition 
coefficients of the prodrugs examined. I t  was shown (37) that log P is not 
entirely additive. It has been suggested (38) that the additivity of *-values 
will break down when there is mutual interaction between substituents 
(intramolecular hydrogen bonding, steric, and field effects) or when a 
substituent cannot be dissolved to its maximal potential (39). 


The nature of the interaction between guanazole derivatives and both 
octanol and water can be illustrated by Scheme V. 


The preferred interaction of guanazole with the aqueous or organic 
layers probably would be determined in part by the electronic properties 
of the X substituent. Electron-withdrawing groups would inhibit hy- 
drogen bonding of the type shown on the right side of Scheme V due to 
the delocalization of the lone-pair electrons but enhance hydrogen 
bonding of the type shown on the left side of Scheme V. Octanol, being 
more nucleophilic than water (40), would compete more effectively in 
binding with the hydrogen of the amino nitrogen. The differences be- 
tween the observed and calculated values of log P in Table I1 can be ra- 
tionalized in part from the substituent effect on the availability of the 
lone-pair electrons. 


Although the true partition coefficient takes into account the ionization 
of the drug a t  a given pH, the assumption that the ionized species of an 
ionizable drug is insoluble in the nonaqueous layer may be incorrect. First, 
the small amount of water in the octanol layer is expected to accommo- 
date some concentration of the ionized species (12, 18). Thus, the ob- 
served log P would be higher than the calculated value. The partition 
coefficients of ring-substituted aspirin were measured a t  different pH 
values (18). It was found that the discrepancies between the observed and 
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calculated values correlated well with the calculated lipophilicities, which 
was attributed to ion-pair formation with buffer counterions (41). 


Second, the ionized species may have a different conformation than 
that of the nonionized form. The partition coefficient (log P = 4.33) of 
salicylic acid in a I-octanol-bicarbonate buffer (pH 9.20) system has been 
shown to be very different from that in a 1-octanol-acetate (pH 4.00) 
system (log P = 2.87). Wang and Lien (12) considered the first factor as 
well as the effect of the ionic strength of the buffer to rationalize such a 
deviation. The difference in the intramolecular hydrogen bonding be- 
tween the ionized and the nonionized forms may also play a significant 
role. At a pH of 9.2, the deprotonated form of salicylic acid is predominant 
(Scheme VI). 
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Therefore, the ionized form is more capable of intramolecular hydrogen 
bonding than the nonionized form and gives rise to a higher log P. How- 
ever, the ionized form also has a higher preference to a hydrogen bond 
with water molecules than the nonionized form. This decreases the log 
P. The net effect on log P depends on the buffer species used as well as 
the pH value. 


Compared to the calculated values, the higher values of the observed 
log P for 1-111 can be attributed to both the inductive effect of the sub- 
stituent and the intramolecular hydrogen bonding between the carbonyl 
group and the triazole ring. Compounds IV-VI, with a high degree of 
ionization (low 1 - N values) at the given pH values, may be trapped by 
the small amount of water molecules in the octanol layer, giving a higher 
log P value. Compound VII has an observed log P value only slightly 
higher than the expected value. 


Compound VII can be considered a nitrobenzene derivative substituted 
a t  position 4. I t  can be considered similar to a dinitro-benzene derivative 
where each nitro group can nullify the effect of the other, resulting in a 
smaller difference between the observed and calculated log P. Further- 
more, a t  pH 7.40, the degree of ionization of VII is relatively small (5%). 
Accordingly, the amount of ionized drug trapped by the small amount 
of water in the octanol layer is negligible. The observed value of log P did 
not deviate significantly from the calculated value. 


The partition coefficient of salicylic acid was measured utilizing two 
different procedures: 


1. After 2 min of vigorous shaking, the two layers were partitioned 
for 3 4  hr a t  25" in a bottle shaker, and the aqueous layer was centrifuged 
for 20 min. 


2. After 2 min of vigorous shaking, the two layers were centrifuged 
together for 30-45 min in a centrifuge tube. 


The apparent partition coefficients from both methods were identical. 
However, the pH values, after partitioning from the first and second 
methods, were 8.90 and 9.20, respectively. Therefore, the true partition 
coefficient was lower in the first method (4.33 uersus 4.63). The difference 
can be attributed to the efficiency of the first method over that of the 
second in getting clear separation of the aqueous from octanol layer or 
to the temperature effect that  might happen under the longer period of 
centrifugation in the second method. 


Selection of the proper method depends on the compounds being in- 
vestigated and the volume ratio (42). The first method should be more 
desirable for a compound that needs a long period of time to reach 
equilibrium, i .e . ,  phenol (43). For highly ionized compounds, it is advis- 
able to have an efficient separation to minimize any emulsification or 
clouding of the phases. 


In this study, the separation of the two layers with phosphate buffer 
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was more efficient than other systems used under the same experimental 
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Abstract  0 Thirty-four vasodilators were screened in several in uitro 
biochemical assays related to smooth muscle excitation-contraction 
coupling, binding to PI-, 82-, and a-adrenergic receptors, inhibition of 
phosphodiesterase activity, and antagonism of calcium accumulation. 
Isoproterenol and perhexiline only exhibited binding to 13-adrenergic 
sites. Ergocryptine, tolazoline, and amotriphene only bound to a- 
adrenergic receptors. Leniquinsin, papaverine, proquazone, dioxyline, 
hoquizil, quazodine, and theophylline were active only as phosphodies- 
terase inhibitors. Isoxsuprine, nylidrin, and bencyclane bound to a- and 
P-receptors. Pentoxifylline bound to P1-sites and inhibited phosphodi- 
esterase. Cyclandelate bound to 02-sites and blocked calcium accumu- 
lation. Cinnarizine and flunarizine antagonized calcium accumulation 
and bound to a-sites. Prazosin bound to a-sites and inhibited phospho- 
diesterase. Ethaverine and dipyridamole were inhibitors of phosphodi- 
esterase and calcium accumulation. Nafronyl bound to Pz- and a-sites 
and antagonized calcium accumulation. Mebeverine bound to & and 
a-receptors and inhibited phosphodiesterase activity and calcium ac- 
cumulation. Verapamil bound to a-sites. and blocked phosphodiesterase 
and calcium accumulation. Quinazosin bound to (32- and a-receptors and 
antagonized both phosphodiesterase activity and calcium accumulation. 
Vasodilators that were inactive in all assays included niacin, nicotinyl 
alcohol, inositol nicotinate, amyl nitrite, sodium nitroprusside, diazoxide, 
hydralazine, and protoveratrine. Vasodilators should not be considered 
as a single drug class since they act on various mechanisms related to 
coupling of neuronal excitation to muscular contractility. 


Keyphrases Vasodilators-biochemical mechanisms Adrenergic 
receptors--n, 01, and P 2 ,  effect of various vasodilators 0 Calcium-effect 
of various vasodilators on intracellular accumulation, red blood cells 
Phosphodiesterase-inhibition by various vasodilators 


The treatment of cardiovascular diseases such as hy- 
pertension (1,2), angina pectoris, cardiac failure (3 ,4) ,  and 
certain peripheral vascular diseases (1,5,6) utilizes drugs 
that produce vasodilation. Vasodilation results from an 
increase in the internal diameter of blood vessels, pre- 
sumably through relaxation of vascular smooth muscle. 
Significant progress has been made in elucidating the 
biochemical mechanisms controlling smooth muscle con- 
tractility. Molecular events in that process include the 
interaction of catecholamines with specific adrenergic 
receptors of the smooth muscle cell membrane, the ac- 
tivities of enzymes that regulate cellular levels of cyclic 
AMP, the control of cellular calcium-ion transport and 
storage, and the interaction of calcium with the contractile 
proteins of the smooth muscle cell (7-9). 


By using this concept of excitation-contraction coupling 
in smooth muscle as a working hypothesis, the mechanism 
of action of various vasodilators has been studied. 
Thirty-four vasodilators (1,2,5,10,11) were tested in three 


types of in vitro screening models: ( a )  binding to a- and 
P-adrenergetic receptor sites, ( b )  inhibition of cyclic AMP 
phosphodiesterase, and ( c )  inhibition of intracellular 
calcium accumulation. The results suggest that vasodilator 
drugs interact with a variety of distinct events in the ex- 
citation-contraction coupling mechanisms of vascular 
smooth muscle. 


EXPERIMENTAL 
Adrenergic  Radioreceptor Assays-(3-Adrenergic Receptor 


Binding Assays-Sarcolemma-enriched membranes from guinea pig 
hearts were prepared as described previously (12). Guinea pigs were killed 
by cervical dislocation, and the hearts were immediately placed in ice-cold 
physiological saline. Hearts (20-25 g) were minced in 10 volumes of 2.5 
mM imidazole buffer (pH 7.4) containing 0.1 mM ethylenediaminete- 
traacetic acid (I) and briefly homogenized with a tissue homogenizer. The 
homogenate was centrifuged for 1 min a t  22Xg. 


The supernatant fraction was rehomogenized and recentrifuged five 
times. The pooled supernatant fractions were passed through three layers 
of cheesecloth and centrifuged at  1600Xg for 20 min. The resulting pellet 
was resuspended in 200 ml of 10 mM Itris(hydroxymethy1)amino- 
methane hydrochloride] buffer (111, pH 7.5, containing 0.1 M sucrose and 
homogenized using a conical polytef'/glass tissue grinder. The homoge- 
nate was centrifuged a t  1600Xg for 20 min. 


These resuspension, homogenization, and centrifugation steps were 
then repeated. The pellet was resuspended in 50 ml of 0.4 M sucrose in 
10 mM I1 (pH 7.5) and osmotically shocked by slow dilution into 1 liter 
of 0.25 mM I in 5 mM I1 (pH 7.0) buffer. The membranes were collected 
by centrifugation a t  1600Xg for 30 min, and the pellet was suspended in 
20 ml of 0.4 M sucrose in 10 mM I1 (pH 7.5). The suspension was diluted 
with three volumes of a 13 mM I1 buffer (pH 7.0) containing 1.3 M KCI, 
2.6 mM I, and 0.4 M sucrose. After stirring for -16 hr at  4". the extract 
was diluted with an equal volume of buffer [ 1 M KCI-2 mM 1-10 mM 11 
(pH 7.0)]. After centrifugation at  1600Xg for 30 min, the pellet was 
washed three times in 100 ml of 0.1 M sucrose in 10 mM I1 (pH 7.0) buffer. 
The final pellet was suspended in 0.1 M sucrose and stored in liquid ni- 
trogen. 


Bronchial tree membranes were prepared from either fresh guinea pig 
lungs or lungs stored a t  -100'. Bronchial trees were exposed by combing 
through the lungs several times with a steel animal hairbrush to strip 
them of alveolar tissue. Extraneous tissue was removed by scraping with 
a scalpel. The bronchial trees were placed in a small volume of ice-cold 
I1 (pH 7.4) containing 1 mM MgC12 and 0.25 M sucrose. Then they were 
finely minced and homogenized by four 10-sec bursts with a tissue ho- 
mogenizer. 


The homogenate was filtered through a single layer of cheesecloth, and 
the filtrate was centrifuged for 10 min at  400Xg. The pellet was discarded, 
and the supernate was centrifuged for 10 min at  20,OOOXg. The resulting 
pellet was washed in 50 mM I1 (pH 7.5) containing 10 mM MgCI2 and 
centrifuged a t  28,OOOXg for 10 min. The pellet was resuspended in 75 m M  


Teflon. 


94 I Joi!rnal of Pharmaceutical Sciences 
Vol. 71, No. 1, January 1982 


0022-354918210 100-0094$0 1.0010 
0 1982, American Pharmaceutical Association 












but the rates and magnitudes of these changes may be 
different. Careful attention will have to be given to the 
methodology of in vitro drug-protein binding determi- 
nations if artifactual results are to be avoided. 
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T h e  Loss of Nitroglycerin from Intravenous 
Administration Sets during Infusion: 
A Theoretical T rea tmen t  


Keyphrases Nitroglycerin-loss from intravenous administration 
sets during infusion Administration sets-loss of' nitroglycerin dnring 
infusion 


To t h e  Editor: 


In a recent report (11, a model was proposed to explain 
the loss of nitroglycerin from solution into a plastic bag. 
Under static conditions, the kinetics describing the loss of 
drug was biexponential and expressed as: 


A = pe-" + (A(] - / 3 )c -h l '  (Eq. 1) 


where A is the amount of drug in solution, k is the rate of 
drug absorption onto the surface of the plastic, k:! is the 
diffusion of drug into the plastic, A,) the initial amount of 
drug in solution, and /3 is a constant. With plastic bags, Eq. 
1 showed an excellent fit to the experimental data. 


During the infusion therapy, the above principles apply 
to large volume parenteral therapy. However, a dynamic 
situation exists in the infusion set due to the constant flow 
of solution through the plastic tubing. A model depicting 
the loss of nitroglycerin from solution when drug is diluted 


in a glass bottle (no absorption) and allowed to flow 
through the infusion set is shown in Scheme I. 


In addition, because of the large amount of drug in the 
bottle, the tubing could become saturated. Thus, the 
amount of drug lost from solution is also dependent on the 
amount of drug present in the tubing. (It was assumed that 
the rate of absorption is not dependent on the amount 
remaining to  be absorbed, CO - C T ,  but on the amount 
present, C T .  The results appear to support this assump- 
tion.) The differential equations, therefore, describing the 
rate of change of CO, C I ,  (2.7, and CT are: 


(Eq. 2)  


(Eq. 5) 


T o  solve for this model, i t  must be assumed that the 
supply of drug in the bottle is infinite, and that the amount 
of drug and solution delivered through the infusion set is 
insignificant compared to  what remains in the bottle. 
Solving for Eq. 2, then: 


c, - - C7.,,p-k?f (Eq. 6) 
where C T ~  is the saturation concentration in the tubing. 
To solve Eq. 3, one needs to  consider the total mass balance 
of drug ( D )  in that: 


D,) = L), t D,q + D.y + D r  (Eq. 7) 


where DO is the total amount of drug, DI is the drug in the 
infusion set (which includes the amount delivered), DH is 
the drug in the bottle, D.? is the drug on the surface of the 
set, and DT is the amount of drug in the plastic. Since the 
assumption was made that the amount of drug in the bottle 
is in infinite supply, then DO = DB. Since D is the con- 
centration (C) X volume (V),  Eq. 7 can be approximated 
to  be: 


(Eq. 8) 


Substituting Eqs. 8 and 6 into Eq. 3, and solving for CS, one 
obtains the following solution for CS: 


Cs = Ae-0' - A p - h d  iEq. 9) 


where 


Drug in Infus ion  Set 
( C r )  1 1 P a t i e n t  1 


I I u 


I Nitroglycer in  on Surface  
CS 


Nitroglycer in  Dissolved 
i n  Plast ic  Mat r ix  I ( C T )  
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Figure 1-Nitroglycerin loss: concentration in  b o t t k  = 100 pg/ml ,  f l o ~ u  
rate = 1.0 rnllmin. Equation describing loss: 1 - (C/Co) = 0.327e-0."n:36t 
- 0.i?70e-''~''9L + 1.08e-" yL1, where 0 i s  actual data and  t h e  smooth 
curiie is computer-fitted data.  
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Figure 2-Nitroglycerin loss: concentration i n  bottle = 100 pglnal, flciw 
rote = 0.5 rnllrnin. Equation describing loss: I - (C/C:o) = 0.201e-o.""t 
- 0..5ie-" 0041 + 0.S9e-0 ,IH', where 0 is actual data a n d  smooth line is 
cc~mputc~r-fitted data. 


VT 
v/ k 1 - c~~ + k'CTo 


(Eq. 10) A =  
VS k? - ti-, - k ,  - 
Vr 


and 


(Eq. 11) V,Y a = k , - + k - ,  
L'l 


Finally, substituting Eq. 9 into Eq. 4 and solving for C I :  


(Eq. 12) 


where 


(Eq. 13) k i A  
0 - tz, - ti:, 


(Y = 


and 
k 1 A (Eq. 14) 


To  further simplify Eq. 1 2  at  the initial phase, prior to 
adsorption of nitroglycerin, h i  = 0, ha = ko ,  and rear- 


= /iz - k ,  - k., 


ranging Eq. 12: 


(Eq. 15) 


The results of the treatment of the infusion data using Eq. 
15 is shown in Figs. 1 and 2, using different flow rate con- 
ditions. The data were listed using back projection 
(stripping) technique (2). As predicted by the model, a 
triexponential loss of nitroglycerin is seen. The model 
shows that the initial loss is due to adsorption and loss due 
to infusion, followed by equilibration on the inside surface 
of the infusion set and, consequently, the rate-limiting 
adsorption of nitroglycerin by the plastic. The model also 
shows that when no adsorptionlabsorption occurs, the 
concentration of drug delivered is the same as the con- 
centration in the bottle. 


All factors affecting nitroglycerin loss have been docu- 
mented previously for static conditions (1). All these fac- 
tors apply here, in addition to the loss also being dependent 
on the flow rate. 


(1) A. W. Malick, A. H. Amann, D. M. Baaske, and R. G. Stoll, J .  


(2) J. G. Wagner, "Fundamentals of Clinical Pharmacokinetics," Drug 
Pharm. Sci . ,  70,798 (1981). 
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General Derivation of the Equation for 
Time t o  Reach a Certain Fraction of 
Steady State  


Keyphrases 0 Pharmacokinetics-derivation of the equation for time 
to reach a certain fraction of steady state Equations-for time to reach 
a certain fraction of steady state, derivation 


To the Editor: 


The time to reach a certain fraction of a given steady- 
state plasma concentration for a drug which exhibits 
multiexponential characteristics is not a simple function 
of the terminal disposition rate constant or half-life. 
Rather, it is a complex function of all coefficients and 
disposition rate constants in the equation describing the 
concentration-time curve. A given fraction of steady state 
is reached sooner with a drug that demonstrates multiex- 
ponential behavior than one that demonstrates monoex- 
ponential behavior. Recently, Chiou (1, 2 )  developed a 
general equation that permits the estimation of fraction 
of steady state from area ratios. The derivations were based 
on the superposition principle, or assume constant rate 
input of drug into the body. The following appears to be 
a more general approach for the derivation of the area 
equation. 
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APPENDIX 


Variable Units 
- = parameter in the Rosin-Rammler-Sperl- 


ing-Weibull distribution (See Ref. 1) 
P 
b m = radius of core 
a m = radius of coated pellet 
r m = radial distance from the center of a sphere 


n 


sec 
sec-’ 
sec-l 
kg/m3 


kg/m3 


kg/m3 


kg/m3 
kgs/m3 
kg/m3 


m2/sec 
- 


kg/sec m2 


= time 
= frequency 
= poles in Eq. 22 
= concentration of drug in coat a t  position r 


and a t  time t 
= concentration of dissolved drug in the core 


a t  time t 
= concentration of drug in extraction medium 


a t  time t 
= initial concentration of drug in core 
= time Laplace transform of C ( r t )  a t  r 
= constant core concentration in case of a 


sparingly soluble drug 
= diffusion coefficient of drug in coat 
= distribution coefficient for drug between 


core and coat 
= distribution coefficient for drug between 


extraction medium and coat 
= volume of extraction medium 
= the ratio of the volume of extraction medi- 


um to total volume of pellets 
= number of pellets of identical size 
= denominator in Eq. 23 defined in Eq. 24 
= total amount of drug released a t  time t 
= number of different types of pellets in a 


= flux of drug a t  time t 
sample 
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Abstract o Following oral dosing to steady state, the disposition ofS(-)- 
and R(+)-propranolol and their corresponding glucuronide conjugates 
was studied in 4 healthy adults using doses from 40 to 320 mg/day of the 
racemate. Steady-state plasma concentrations of S(-)-proprando1 and 
its corresponding glucuronide conjugate were greater than that for 
R(+)-oroDranolol and its corresoonding coniueate. The average stereoselective disaosition in humans. 


of glucuronide conjugates of S(-k and R(+)-propranolol was best de- 
scribed by a saturable process in all subjects. Within individuals, the ratio 
of Vmax/Km for the glucuronide conjugate of S(-)-propranolol was from 
2.1- to 4.9-fold greater than for the conjugate of the R( +)-enantiomer. 
These studies demonstrate for the first time, that  propranolol undergoes 


, I .  . I .,- Y 


steady-state concentration of both enantiomers increased dispropor- 
tionately to dose. There was a 52 f 7 (mean * s ~ )  %decrease in the in- 
trinsic clearance (Clint) of S(-)-propranolol and a 65 f 22% decrease in 
the Clint of R( t)-propranolol over the dosing range studied. The terminal 
elimination half-lives of S(-)-propranolol and its glucuronide conjugate 
were longer than for the R(t)-enantiomer a t  all doses. The formation 


Keyphrases 0 PrOPranOlol-~(-)- and R( t)-enantiomers and corre- 
sponding glucuronide conjugates, stereoselective disposition, humans 
0 StereoselectivitYaiSPOSitiOn of s(-)- and R(+)-propranolol, humans 
0 Glucuronide-conjugates of S(-)-  and R(  +)-propranolol in stereo- 


disposition 


Propranolol [l-isopropylamino-3-(l-naphthoxy)-2- 
propanol] is a nonselective beta adrenergic blocking agent 
used clinically as a racemic mixture of the S(-)- and 
I?( +)-enantiomem Because S(  -) -propranolol is about 100 
times more potent as a beta blocker than the I?(+)-enan- 
tiomer, S(-)-propranolol is believed to be largely re- 
sponsible for the clinical effects of racemic drug (1). 


Numerous investigators have described the absorption, 
distribution, metabolism, and elimination of propranolol 
in humans and animals. Pharmacokinetic studies in 
healthy volunteers and in patients have demonstrated up 
to 20-fold variation between individuals in plasma pro- 
pranolol concentrations after oral doses (2-8). Age (9,lO); 
cigarette smoking (9, 11); concomitant drug intake (12); 
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and renal (13), hepatic (14), and thyroid disease (15-17) 
have all been shown to affect the disposition ofthe drug. 
The disposition of propranolo~ in humans is highly dose 
dependent and this previously unrecognized Observation 
may explain much of the apparent differences between 
individuals (18). 


Assay for S(-)- and R(t)-Propranolol and Their Corresponding 
Glucuronide Conjugates-The concentrations of S(-)- and R ( t ) -  
propranolol and their corresponding glucuronide conjugates in plasma 
were measured in each subject after receiving doses of the racemate by 
a previously reported method (25). At each dosing rate, plasma concen- 
trations were measured during the 13th dosing interval a t  steady state. 
Glucuronide concentrations were determined as the difference between 


\ ,  


To date, pharmacokinetic studies involving propranolol 
have conclusions based on total [S(-)-  plus R(+)-] pro- 
pranolol concentrations. However, no information is 
available describing the pharmacokinetic behavior of each 
enantiomer measured simultaneously after administration 
of the racemate. 


Racemic mixtures of drugs are commonly employed 
clinically. However, there may be large differences between 
enantiomers in their pharmacological activity, metabolism, 
and elimination. Warfarin enantiomers, for example, have 
significantly different anticoagulant properties, are me- 
tabolized differently, and have different rates of elimina- 
tion (19-23). 


Reports have indicated that the area under the plasma 
concentration-time curve (AUC) for S(-p propran in 
the dog was 50% less than the AUC for the R(+)-enantio- 
mer after administration of a single oral dose of the race- 
mate (24,25). Both groups found that the S(-benantio- 
mer was more extensively glucuronidated and the A UC for 
the glucuronide conjugate of this enantiomer was over 3 
times greater than the AUC for the glucuronide conjugate 
of R(+)-propranolol. However, no differences in the ter- 
minal elimination half-life of propranolol enantiomers or 
their glucuronide conjugates were observed. 


The purpose of this study was to investigate, over a wide 
range of doses in humans, any differences in the disposition 
of S(-)- and R (+) -propranolol and formation of their 
corresponding glucuronide conjugates. 


EXPERIMENTAL 


Subjects were four healthy male volunteers. Informed consent was 
obtained and the protocol approved by the University of California, San 
Francisco, Committee on Human Research. All subjects had a medical 
history, physical examination, electrocardiogram (ECG), complete blood 
count with differential, urinalysis, and selected blood chemistries done. 
There was no evidence of renal or hepatic disease by medical history. Each 
subject had normal values of blood urea nitrogen, serum creatinine, 
urinalysis and urine culture, serum glutamic oxloacetic transaminase, 
lactic dehydrogenase, alkaline phosphatase, bilirubin, prothrombin time, 
and total serum proteins. All were nonsmokers and abstained from al- 
cohol and marijuana and other medications until completion of the study. 
On each of 4 daydweek that propranolol was taken, subjects were in- 
terviewed for side effects, had their pulse and blood pressure measured, 
and had a I-min ECG rhythm strip taken. 


All subjects were given 40,80,160,240, and 320 mg/day of propranolol 
in divided doses every 6 hr for a total of 13 doses. No dietary restrictions 
were imposed, but food was withheld for at least 9 hr before and 3 hr after 
the 13th dose. 


Blood samples were obtained at  the end of the 8th, 9th, and 12th dosing 
intervals (trough concentrations) and a t  0,15,30,45,60, and 90 min, and 
2,3,4,5,6,8,10, and 12 hr following the 13th dose. Venous blood samples 
were obtained using an indwelling butterfly catheter whose patency was 
maintained by flushing with 1 ml of heparinized saline (10 U/ml) after 
obtaining each blood sample (26); these small doses of heparin do not 
affect the plasma protein binding or disposition of propranolol(27). After 
discarding 0.5 ml of blood, a 7-ml blood sample was collected in a sterile 
12-ml disposable syringe. The blood sample was immediately transferred 
to a 16 x 150-mm polytef-lined screw cap test tube to which had been 
added 100 U of aqueous sodium heparin. After gentle mixing, blood 
samples were centrifuged a t  2000 rpm (500Xg) for 10 min. Plasma was 
transferred with a disposable Pasteur pipet to glass screw cap vials and 
stored a t  -20" until assay. 


enantiomer concentrations before and after enzymatic hydrolysis (25). 
One milliliter of plasma was extracted with ether after adding 0.4 ml of 
0.2 N KOH by vortexing for 2 min and centrifuging a t  2000 rpm (500Xg) 
for 10 min. Ether extracts transferred to conical test tubes were evapo- 
rated to dryness under nitrogen. After adding 1 ml of methylene chloride, 
tubes were placed in a -78' bath. N-trifluoroacetyl-S(-)-prolyl chloride 
(0.3 ml) (the derivatizing agent) and 50 pl of triethylamine were added 
to the tubes, removed from the bath, and allowed to stand for 15 min. 
After adding 8 ml of 0.05N NaOH, vortexing for 2 min, and centrifuging 
at 2000 rpm (500Xg) for 10 min, the upper layer was discarded and the 
lower layer evaporated to dryness under nitrogen after being transferred 
to culture test tubes. An aliquot of the residue, reconstituted with an 
equivolume mixture of acetonitrile and water, was injected onto the 
high-performance liquid chromatograph for analysis. 


Data Analysis-The average steady-state concentration (c,) of each 
enantiomer of propranolol and for each of their corresponding glucuro- 
nide conjugates during the 13th dosing interval was determined by: 


A UCO c,, = - 
T 


(Eq. 1) 


where A UCO is the area under the plasma concentration-time curve after 
the oral dose, and 7 is the dosing interval. The A UC of each propranolol 
enantiomer and for their corresponding glucuronide conjugates was 
calculated by the trapezoidal rule. The intrinsic clearance (CL,,,J of each 
propranolol enantiomer was calculated by the following (28): 


DO Clint = - 
A UCO 


where DO is the dose of each enantiomer; this is equal to one-half the total 
dose since the drug is administered as the racemate. This relationship 
assumes that the drug is totally absorbed and that all blood containing 
the drug passes through the liver before reaching the systemic circulation. 
The terminal elimination half-life of each propranolol enantiomer and 
their corresponding glucuronide conjugates was calculated by 0.693/ 
terminal elimination rate constant (determined by least-squares re- 
gression utilizing a t  least four plasma concentration-time points in the 
log-linear region). 


A t  steady state, the relationship between the formation of metabolite 
and its elimination is given by: 


(Eq. 3) 


where C l f , ~  is the formation clearance and C l e l , ~  is the elimination 
clearance for metabolite (MI, and Cp,, and CM- are the concentrations 
of propranolol and metabolite, respectively. Rearrangement of Eq. 3 
yields: 


(Eq. 4) 


for a first-order process and can be expressed as Eq. 5 for a saturable 
process: 


where V,,,, and K, , are the Michaelis-Menten constants for a satu- 
rable metabolic process. 


The formation clearance of each glucuronide conjugate (metabolite) 
can be estimated by substituting steady-state concentrations of pro- 
pranolol enantiomers, their corresponding glucuronide conjugates, and 
the elimination clearance for each of the glucuronide conjugates into these 
equations. 


Although the value of C l e l , ~  for the glucuronide conjugates is not 
known, in an earlier study (18) the renal clearance (Cl,) for racemic (total) 
propranolol glucuronide ( c l , ,~ )  has been determined; previous investi- 
gators have shown that the clearance of propranolol glucuronide is pri- 
marily by the renal route (29). The C~,,M for racemic propranolol glucu- 
ronide was independent of concentration in these same four subjects (18). 
Therefore, if it is assumed that the renal clearance is equal to the elimi- 
nation clearance (i .e.  C 1 r . M -  C l e l , ~ ) ,  then Eqs. 4 and 5 can be rewritten 
as Eqs. 6 and 7, respectively: 
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Table I-The Relationship Between the Intrinsic Clearance (Clint) of Propranolol Enantiomers and the Daily Dose of Racemic 
Propranolol 


600- 
500 - 
400' 


200- 


300- 


. ol 
oj 1007 


0 
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I- 
- 


Week 3 4 5 


Subject yr kg S(-) R(+)  S(-) R(+)  S(-) 


Dose, mglday; racemate 160 240 320 
Age, Weight, Clint of Propranolol Enantiomers (liters/min)n 


25 82 3.69 5.35 3.07 3.89 2.27 
26 64 3.17 9.74 1.90 3.60 0.89 


MR 


1.69 
TB 


24 68 3.22 5.02 3.00 4.14 
TC 28 75 4.25 15.75 2.89 7.44 2.98 
AT 
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Percent change in Clint from 
week 3 to week 5 
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-48 -46 
-62 -87 
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-51 -80 
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Table 11-Summary of Half-Lives, t1/2, for Propranolol Enantiomers and  The i r  Corresponding Glucuronide Conjugates 


160 240 
Dose, mg/day; 


racemic 
Subject 


~~ 


MR 3.8 2.5 4.2 3.3 5.2 3.1 
T B  3.5 2.1 4.7 3.2 8.3 5.0 
AT 4.3 1.9 3.7 2.9 4.7 3.3 
TC 4.5 3.1 4.5 4.2 5.0 3.3 


x f S D  4.0 f 0.5 2.6 f 0.5" 4.3 f 0.4 3.4 f 0.6".b 5.8 f 1.7 3.7 f 0.9" 
Glucuronide Conjugates of Propranolol Enantiomers 


Subiect S ( - )  R(+) S(-)  R(+)  S ( - )  R f + )  


MR 
T B  
AT 


3.2 
2.9 
2.2 


2.2 
2.2 
1.8 


3.7 
3.6 
3.1 


2.8 
3.3 
2.6 


4.3 3.0 
7.3 4.6 
4.0 2.5 - .  


TC 2.7 1.8 3.6 3.8 4.3 3.5 
x f S D  2.7 f 0.4 2.0 f 0.2" 3.5 f 0.36 3.1 f 0.5b 4.5 f 1.6 3.4 f 0.9"jb 


D < 0.05 when comoared with the value obtained for the S(-benantiomer at the same dosing rate. * p < 0.05 when compared with the value obtained for the same 
enantiomer at 160 mg/day. 


Plasma Concentrations of S(-)- and R(+)-Propranolol and Their 
Corresponding Glucuronide Conjugates-Concentrations of S (-)- 
propranolol and its glucuronide conjugate were always greater than those 
for R(+)-propranolol and its glucuronide conjugate in all subjects a t  all 
dosing rates. Representative data obtained from subject AT is depicted 
in Fig. 1A-C. 


The ratio of steady-state concentrations of S(-)-  : R(+)-propranolol 
during the 13th dosing interval was 2.45 f 1.12 a t  160,1.78 f 0.60 a t  240, 
and 1.51 f 0.05 and 320 mg/day; and the ratio of the steady-state con- 
centrations of the glucuronide conjugates of s(-)- : R(+)-propranolol 
was 4.74 f 0.96 at  160, 3.64 f 0.41 a t  240, and 2.93 f 0.17 a t  320 mg/ 
day. 


There was a disproportionate increase in the c,, of S(- ) -  and R(+)- 
propranolol in each subject as the daily dose was increased from 160 to 
320 mg/day. 


Terminal Elimination Half-Lives of Propranolol Enantiomers 
and  Their Corresponding Glucuronide Conjugates-The half-life 
of S(-)-propranolol was 1.5-fold greater than for the R(+)-enantiomer 
a t  160 mg/day ( p  < 0.05) and 1.6-fold greater a t  320 mg/day ( p  < 0.05). 
In addition, the half-life of the glucuronide conjugate of S(-)-propranolol 
was 1.4-fold greater than for the conjugate of the I?(+)-enantiomer at 160 
mg/day ( p  < 0.05) and 1.3-fold greater a t  320 mg/day ( p  < 0.05) (Table 
11). The half-life of both enantiomers and for their corresponding glu- 
curonide conjugates increased with increasing dosing rate. 


Estimation of the Formation Clearance (Clf) for Glucuronide 
Conjugates of S(- ) -  and R( +)-Propranolol-The Clf  of glucuronide 
conjugates of S( - ) -  and I?(+)-propranolol in all four subjects was best 
described by a saturable process. However, the model best explaining the 
data varied among the four subjects. The C11 for the glucuronide conju- 
gate of S(-)-propranolol estimated by V&,,/K, [ Vmax/(b*Km)] ranged 
from 496 to 1831 ml/min, whereas the Cl, for the conjugate of R(+)-  
propranolol ranged from 202 to 477 ml/min. The summation of the in- 
dividual C l f s  for each individual determined in this investigation was 
compared with the value for the racemate C11 determined in the same 
individual (Table 111). 


DISCUSSION 


A technique for the simultaneous determination of S(-)-  and I?(+)- 
propranolol along with their corresponding glucuronide conjugates after 
administration of the racemate was recently developed (25). Utilizing 
this technique, this investigation has shown that in healthy adults, the 
intrinsic clearance, plasma concentrations, elimination rate, and the 
formation clearance of glucuronide conjugates of propranolol enantiomers 
are substantially different. 


The half-life of propranolol in humans after oral administration of the 
I?(+)-enantiomer alone was reported to be shorter than after a dose of 
the racemate (36). In a previous report using a radioimmunoassay, the 
half-life of propranolol in rats after an intravenous dose of the R(+)-  
enantiomer was found to be shorter than after an intravenous dose of the 
racemate (37), whereas no difference was observed in mice when the same 
technique was employed (38). 


These studies, however, do not predict the disposition of propranolol 
enantiomers after administration of the racemate, because R(  +)-pro- 


pranolol has no influence on liver blood flow, whereas racemic propranolol 
results in a decrease in liver blood flow. Because propranolol has a high 
extraction ratio and its clearance is blood flow limited, racemic pro- 
pranolol would be expected to have a longer elimination half-life when 
compared with the half-life after R(+)-propranolol (39). 


In a previous report (251, it was shown that in a patient with angina 
pectoris,taking 200 mg of propranolol every 6 hr, the area under the 
plasma concentration-time curve for the S(-)-propranolol enantiomer 
was -1.4 times greater than that for the R(+)-enantiomer. In the present 
investigation, concentrations of S (  -)-propranolol were greater than those 
of R(+)-propranolol a t  each dosing rate (Fig. 1); these results confirm 
earlier findings but are in contrast to those observed in the dog (24,25). 
In addition, the average steady-state concentration of each enantiomer 
increased disproportionately with doses from 160 to 320 mg/day. Similar 
to results observed in dogs, glucuronide concentrations of S(-)-pro- 
pranolol were substantially greater than those for the glucuronide con- 
jugate of the R(+)-enantiorner (24,251. 


The half-life of S(-)-propranolol and its glucuronide conjugate was 
greater than for the R(+)-enantiomer and its corresponding conjugate 
(p  < 0.05) (Table 11). In contrast, half-lives of propranolol enantiomers 
and their glucuronide conjugates were identical in the dog (24,25). 


Although the AUC for S(-)-propranolol was greater than that for the 
R(+)-enantiomer, it would be invalid to draw conclusions about the 
relative extent of bioavailability ( F ) .  Calculations of F for each enan- 
tiomer, based solely on AUCs after oral but not intravenous doses, must 
assume that the systemic clearances (Cl,,) of each enantiomer are iden- 
tical. Although Cl,, was not estimated, the intrinsic clearance of each 
enantiomer differed sharply and decreased with increasing dose (Table 
I). 


In a previous report involving the same four individuals (18), it was 
shown that a t  steady state -55% of an oral dose of propranolol could be 
accounted for by formation of three major metabolites: propranolol 
glucuronide, 4-hydroxypropranolol glucuronide, and a-naphthoxylactic 
acid. These metabolites are formed by different metabolic pathways and 
are eliminated by the kidneys in the urine (29). The formation of these 
metabolites was saturable in the dosage range studied. 


The formation clearance (Cl l )  for the glucuronide conjugate of 
S(-)-propranolol (estimated by V&ax/Km) was 2.1-4.9-fold greater than 
the Cl, for the glucuronide conjugate of the R(t)-enantiomer in a given 
individual (Table 111). However, when the sum of these individual C l f s  
was compared with the Clf for the racemate estimated from a previous 
investigation in the same individuals, a large disparity between estimates 
was observed. Because both V,,, and 9 for each glucuronide conjugate 
are unknown, it cannot be determined precisely whether the observed 
difference between C l f , ~  and C l f , ~ .  (Table 111) is due to a difference in 
V,,,, 9, or both. 


As previously mentioned, steady-state concentrations of S(-)-pro- 
pranolol and its glucuronide conjugate were much higher than those for 
the R(+)-enantiomer and its conjugate in plasma. It is possible that other 
metabolites are being formed stereoselectively; at  least some of these may 
be preferential for the R(+)-enantiomer. Although stereoselectivity in 
other metabolic pathways for propranolol has not been demonstrated 
in humans, a previous study (40) has recently shown that. in the rat, 
S(-)-propranolol is preferentially hydroxylated to 4-hydroxypropranolol 
in uiuo but not in uitro. 4-Hydroxypropranolol is equally active as a beta 
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Table 111-Estimation of Formation Clearance for Glucuronide Conjugates of Propranolol 


Glucuronide Conjugate Glucuronide Conjugate 
of S(-)-Propranolol of R(+)-Propranolol 


Clf Clr 
Cly,M, Best. V k X ,  K m  2 I VkXlKrn 1 t V L ?  Km, [V,,,/K”, 1, Clf,?,  CL?,?, 


ml/min ml/rnln Subject ml/min Modelh nmole/min nmoldml ml/min nmole/min nmole/ml ml/mln 


0.37 931.9 10,632.5 38.15 278.7 1210.6 726.8 MR 79.4 4 344.8 
T B  55.6 3 178.4 0.36 495.6 72.6 0.36 201.7 697.3 723.5 


1830.0 67.6 0.18 375.6 2205.6 808.3 AT 69.4 4 109.8 0.06 
0.14 1017.9 66.8 0.14 477.1 1495.0 923.7 TC 97.2 3 142.5 


“ Renal clearance for racemic propranolol glucuronide; data from Silber et al. (18). * See data analysis section for description of models and selection criteria. V’,,, 
= V, Jb;  see dat.a analysis section for explanation. d C1( T represents the sum of the Cl, for the glucuronide conjugates of S( - ) -  and R( t)-propranolol, e Estimated from 
V,,,fK, for racemic propranolol glucuronide; data from Silber el al. (18). 


adrenergic blocking agent when compared with propranolol (41); pre- 
sumably, the S(- )-enantiomer of 4-hydroxypropranolol is responsible 
for the beta blocking effects of a racemic mixture of S ( - ) -  and R(+)-4- 
hydroxypropranolol. 


Extensive deconjngation of propranolol glucuronide back to pro- 
pranolol has been reported to occur in the dog (42). The occurrence of 
such a process in humans could he important since results from this study 
demonstrate that S (  -) -propranolol is preferentially glucuronidated and 
that the resulting conjugate has a slower elimination rate when compared 
with the glucuronide conjugate for the R(+)-enantiomer (Table 11). These 
findings may lend support to t.he theory proposed by Walle et al. (42) that 
propranolol glucuronide in humans serves as a storage pool or depot for 
the slow release of propranolol. This may be especially significant since 
deconjugation of propranolol glucuronide in humans should yield pri- 
marily S(-)-propranolol, t.he pharmacologically more active enantiomer. 
This presumes that the rate and extent of deconjugation, if it occurs, is 
equivalent for each glucuronide conjugate of propranolol. 


The  mechanism for the slower rate of elimination of the glucuronide 
conjugate of S(-)-propranolol cannot be explained by this investigation. 
Previous investigators have shown that the clearance of racemic pro- 
pranolol glucuronide is primarily by the renal route (29). Further studies 
will need to establish whether the renal clearance of propranolol glucu- 
ronides are equivalent. or different. 


Because these results clearly demonstrate that the disposition and 
glururonidation of S ( - ) -  and R(+)-propranolol are not the same, and 
hecause they are essentially two distinct entities pharmacologically, fu- 
ture pharmacokinetic and pharmacodynamic studies involving pro- 
pranolol should be focused on the pharmacologically more important 
S(-)-propranolol enantiomer rather than on total [S(-)- and R(+)-]  
concentrations of the drug. 
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Sterility Testing of Fat Emulsions Using Membrane 
Filtration and Dimethyl Sulfoxide 
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Abstract  0 A method was described for sterility testing of 10% fat 
emulsions, which consisted of solubilizing the emulsion in dimethyl 
sulfoxide and filtering the mixture using a polyester membrane. The 
procedure was rapid and avoided the problems of turbidity and plugging 
of the membrane filter encountered with other methods. 


Keyphrases 0 Dimethyl sulfoxide-sterility testing of 10% fat emulsions 
using membrane filtration 0 Membrane filtration-sterility testing of 
10% fat emulsions, dimethyl sulfoxide Fat emulsions-sterility testing 
using membrane filtration and dimethyl sulfoxide 


Intravenous fat emulsions are used in peripheral and 
central vein infusions. Since bacterial contamination might 
be a problem with this kind of human drug product, a re- 
liable method for sterility testing is necessary to ensure 
that possible contamination is detected. 


The two basic methods for sterility testing (direct in- 
oculation and membrane filtration) described in the USP 
XX (1) are not suitable to test this product. Direct inocu- 
lation of the product into growth media renders the media 
turbid and makes it impossible to observe microbial 
growth. To detect growth, various transfers must be made 
from the original inoculated media to fresh media, thus 
increasing the possibilities of contamination and extending 
the analysis time. Only small quantities of the product can 
be tested with this method. Membrane filtration of the 
product is difficult because the emulsified fat globules will 
not pass the commonly used membrane filters, and the 
filter pores become plugged. The present report describes 
a method for the sterility testing of fat emulsions in which 
membrane filtration is combined with the use of a solvent, 
dimethyl sulfoxide. 


As part of the study, dimethyl sulfoxide was tested for 
bacteriostatic and fungistatic properties because of con- 
flicting reports concerning its antimicrobial effects. It was 
shown (2) that 10% dimethyl sulfoxide protects and aids 
in the recovery of heat-shocked Bacillus subtilis spores. 
The high recovery of the bacteria has been linked to the 
capability of the compound to activate dormant spores (3, 
4). A t  concentrations of 10,20, and 30% in food transport 
systems, dimethyl sulfoxide acts as a cryoprotective agent 
and increases the survival of some bacteria (5). A solution 
of 10% dimethyl sulfoxide yielded a 100% recovery rate of 
B. subtilis phage after storage of the phage for 25 days at  


-20' (6). During freezing and thawing of Aerobacter 
aerogenes and red blood cells, 10-20% dimethyl sulfoxide 
increased the organisms' viability (7, 8). Dimethyl sulf- 
oxide (100%) had no diffusible bacteriostatic activity when 
tested in disk agar diffusion sensitivity studies with various 
organisms (9). Normal growth of test organisms was ob- 
tained after 15-min exposure to 200,000 ppm (20%) di- 
methyl sulfoxide (10). 


Dimethyl sulfoxide has been classified by other re- 
searchers as weakly antibacterial and antifungal (11). 
Bacterial growth was inhibited when 20% dimethyl sulf- 
oxide was used in media (12, 13). Pottz et  al. (14) found 
that 5-10% dimethyl sulfoxide was bacteriostatic and 
20430% bacteriocidal. Dimethyl sulfoxide (25%) was re- 
ported to inhibit the growth of bacteria isolated from 
leukemia and cancer patients (15). Dimethyl sulfoxide 
affects a wide range of bacteria and fungi in concentrations 
used in antimicrobial testing programs in the pharma- 
ceutical industry (16). 


The described method was designed to test the bacter- 
iostatic and fungistatic capabilities of dimethyl sulfoxide 
to be used in the sterility testing of fat emulsions. Decimal 
reduction (D values) were determined using various t,est 
organisms. 


EXPERIMENTAL 


Dimethyl Sulfoxide Preparation-Dimethyl sulfoxidel was filter- 
sterilized using a polyester membrane2 (0.2-pn pore size, 45-min diam- 
eter) and stored in 25- and 50-ml  amount.^ in sterile glass screw-capped 
tubes. 


Steri l i ty Testing of Fat Emulsions-Aliquots (100 nil) ol'a 10% in- 
travenous fat emulsion:' were aseptically transferred to sterile :H X 
200-mm glass screw-capped test tubes. To each tube, 25 ml of dimethyl 
sulfoxide was added. The mixture was vigorously stirred for 30 sec using 
a vortex mixer and then filtered through a 0.4-pm polyester membrane?. 
The membrane was rinsed with 100 ml of fluid D (1)  and two 100-ml 
portions of fluid A (l), cut into two sections, transferred to fluid thio- 
glycolate and soybean casein digest broth, and incubated as described 
in USP XX (1). 


Bacteriostatic and  Fungistatic Testing of Dimethyl Sulfox- 
ide-Bacterial stock cultures containing <100 organisms/ml ofthe f'ol- 


I Mallinckrcidt Chemical Co,. St. [muis, M o  


:I Cutter Lahomtories. Inc., Herkrley. Calif. 
Nucleopore Corp., Pleasanton. Calit, 
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Ascorbic Acid Absorption in Humans: A Comparison among 
Several Dosage Forms 
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Abstract  There have been few studies conducted to determine the 
efficiency of ascorbic acid absorption in humans. Differences in the extent 
of its absorption among individuals may contribute to the outcome of 
clinical trials. Ascorbic acid absorption in four subjects was investigated 
from several oral dosage forms containing 1 g of the vitamin (solution, 
tablet, chewable tablet, and timed-release capsule). Approximately 85% 
of an intravenous dose was recovered in the urine as ascorbic acid and 
its major metabolites. In contrast, only -30% of the dose was recovered 
from the solution and tablet forms. A considerably smaller fraction of 
the dose (-14%) was recovered from the timed-release capsule. There 
was considerable intersubject variation in ascorbic acid absorption and 
there appeared to be good and poor absorbers of the vitamin. Consider- 
ation should be given to the influence of the extent of ascorbic acid ab- 
sorption on the results of clinical trials. 


Keyphrases Ascorbic acid-comparison of absorption of several 
dosage forms, humans Absorption-ascorbic acid, comparison of 
several dosage forms, humans Vitamin C-comparison of absorption 
of several dosage forms, humans 


Since the claim (1-3) that the daily consumption of large 
quantities of ascorbic acid may have beneficial effects for 
such conditions as the common cold, numerous investi- 
gations have been conducted to evaluate the efficacy of 
large doses of this vitamin for reducing the frequency and 
duration of cold symptoms (4-8). The results of these 
studies remain controversial (9, 10) although there is-at 
least some tentative support for the clinical claims. Several 
studies have been criticized for lack of adequate control 
and for poor experimental design, factors which may have 
substantially influenced their results and conclusions. 
Perhaps equally as important is an understanding and the 
proper control of variables that may affect the absorption 
or bioavailability of the vitamin from the oral form. At 
present little is known about the absorption and disposi- 
tion of ascorbic acid administered exogenously. Since 
ascorbic acid appears to be absorbed in humans by a spe- 
cialized process (11, 12), the rate and extent of its ab- 
sorption may be influenced by the relative efficiency of 
different oral dosage forms, size of the dose, and physio- 
logical conditions along the GI tract. The present study was 
designed to examine ascorbic absorption from various 
commercially available oral dosage forms. 


EXPERIMENTAL 


Protocol-Four healthy adult subjects participated in the study (three 
males and one female, 25-32 years of age) after giving informed written 
consent. Each subject ingested 1 g of ascorbic acid/day for a period of not 
less than 2 weeks prior to the experiments, in order to saturate body stores 
of the vitamin. Saturation of body stores was determined in the following 
manner. After the 2-week dosing period, 1 g of ascorbic acid (powder 
dissolved in water) was ingested on an empty stomach. Total urine was 
collected for the subsequent 24 hr and assayed for total vitamin. This 
procedure was repeated 3-7 days later. Between these two test doses the 
subjects ingested 1 g of ascorbic acid/day. The body stores were accepted 
as being saturated if the total amount of vitamin excreted during 24 hr 
from each test dose was within f10% of each other. 


Two days prior to and during an experimental day the subjects avoided 


the ingestion of ascorbic acid either in the form of vitamin preparations 
or foods known to be high in ascorbic acid content. One day prior to the 
experiment, blank urine samples were obtained by collecting total urine 
for several hours during two collection periods (one in the morning and 
one in the afternoon). The bladder was voided a t  the beginning of the 
collection period and the exact time of the collection interval and urine 
volume was noted. 


On the experimental day the subjects ingested the assigned dosage form 
of the vitamin on an empty stomach after an overnight fast. Food was 
withheld f9r the next 3-4 hr. The dosage forms were ingested with 200 
ml of water. The chewable tablets were thoroughly chewed prior to 
swallowing. The dosage forms ingested were: 


A. 1 g of ascorbic acid powder dissolved in water1 
B. 1 g of ascorbic acid tablets2 (two 500-mg tablets) 
C. 1 g of ascorbic acid chewable tablets3 (two 500-mg tablets) 
D. 1 g of ascorbic acid timed-release capsules4 (two 500-mg cap- 


Each subject was randomly assigned to a specific schedule for ingestion 
of the different dosage forms according to a 4 X 4 Latin square design. 
In addition to  the above dosage forms, 1 g of ascorbic acid was given in- 
travenously 1 week after the completion of these experiments. The in- 
jectable solution5 (4 ml) was injected into an arm vein over 3-4 min (500 
mg/2-ml vial). 


The bladder was voided immediately after drug administration. Urine 
was then collected during frequent and known time intervals during the 
subsequent 24 hr. The total volume of each collection was recorded and 
a 15-ml aliquot was taken and transferred to a vial which contained suf- 
ficient metaphosphoric acid such that a 4% solution of the acid was ob- 
tained with 15 ml of urine. The vial was shaken to dissolve the acid and 
stored in a refrigerator and assayed within 4 days. After the 24-hr col- 
lection period, the subjects resumed daily ingestion of 1 g of ascorbic acid 
until 2 days prior to the next experiment. A period of 1 week elapsed 
between successive experiments. 


Analytical-All dosage forms were assayed to determine ascorbic acid 


sules) 


a 4 8 12 16 20 
HOURS 


Figure 1-Urinary excretion rate of ascorbic acid as a function of time 
in one subject after the intravenous injection of I g of ascorbic acid. The 
solid line represents the best f i t  of the data. 


Lot 53808, BDH Chemicals, Ltd., Toronto, Ontario, Canada. 
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Lot NDC 0817-0015-25, Ascorbicap, ICN Pharmaceuticals, Cincinnati, Ohio. 
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Table I-Bioavailability of Ascorbic Acid from Various Dosage 
Forms from Various Dosage Forms 


Table 11-Maximum Ascorbic Acid Excretion Rate (ER,.,) 


Percentage of Dose Recovered Maximum Excretion Rate, mghr 
Dosage Form Dosage Form 


Chewable Timed-Release Chewable Timed-Release 
Subject Solution Tablet Tablet Capsule Intravenous Subject Solution Tablet Tablet Capsule 


1 16.1 10.7 12.2 6.2 81.3 1 35.8 20.2 25.5 6.4 
2 34.9 44.2 26.1 17.4 84.6 


content according to USP methods (13). Urine was assayed by the 2,4- 
dinitrophenylhydrazine method outlined by Pelletier (14) to determine 
concentrations of ascorbic acid and its two major metabolites, dehydro- 
ascorbic acid and diketogulonic acid. This assay method is based upon 
the formation of a colored osazone from dehydroascorbic and diketogu- 
lonic acids and it offers a means of differentiating the three compounds. 
The final solutions were measured colorimetrically a t  520 nm. Concen- 
trations of the compounds were determined from previously prepared 
standard curves and amounts excreted during a collection interval were 
calculated from the product of concentration and urine volume. The 
urinary excretion data were corrected for blank values determined from 
the urine samples collected on the day prior to each experiment. 


Data Analysis-Urinary excretion da&were used to calculate ascorbic 
acid excretion rate as a function of time. Initial estimates of the absorp- 
tion rate constant (K,) and the elimination rate constant ( K )  were ob- 
tained from semilogarithmic graphs of excretion rate uersus time by the 
method of residuals. Using these initial estimates, the data obtained after 
the oral administration of ascorbic acid were fit by nonlinear regression 
analysis employing the equation appropriate for a one-compartment 
model and assuming first-order absorption and elimination. Since the 
urinary excretion data suggested the existence of a lag time ( T h )  between 
the time of dosing and the time when ascorbic acid excretion began, the 
equation incorporated T l a g  as a parameter to be estimated. The com- 
puter-generated values for the above parameters were used to calculate 
the maximum excretion rate (ER,,,) and the time of occurrence of this 
maximum (Tmax). The excretion rate uersus time data obtained after 
intravenous administration of the vitamin were fit to the equation ap- 
propriate for a two-compartment model. Initial estimates of the coeffi- 
cients and exponents of the equation were obtained graphically using the 
method of residuals. These data were then fit by nonlinear regression 
analysis as already mentioned. 


The bioavailability or extent of ascorbic acid absorption from each of 
the forms administered was determined from the total amount of the 
vitamin excreted into the urine during 24 hr (i.e., the sum of ascorbic, 
dehydroascorbic, and diketogulonic acids). This value was then corrected 
for the actual dose ingested based on the assay of the dosage forms. 
Similarly, since ERmax depends on the actual dose ingested, this value 
was corrected for the actual assayed content of the vitamin. The extent 
of absorption was expressed either as a percentage of the dose recovered 
or as a percentage of the intravenous dose recovered. 


2 54.5 49.7 45.5 24.0 ~ . .  .. . ..._ 


3 46.9 43.0 43.5 16.6 
4 96.2 77.5 98.1 30.1 
Mean 58.4 47.6 53.1 19.3 
fSD 26.4 23.6 31.3 10.2 


The percentage availability of ascorbic acid, ER,,, and T,.,, were 
statistically analyzed to determine any differences among the dosage 
forms examined. These data were analyzed according to a 4 X 4 Latin 
square design (15). Variance ratios were calculated for comparisons 
among dosage forms, subjects, and sequence of administration. Scheffe’s 
test (16) was also employed to contrast these parameters. 


RESULTS AND DISCUSSION 
Standard curves for ascorbic acid in urine were linear and reproducible 


over the concentration range of 2-40 pg/ml. By repetitively assaying urine 
containing a known concentration of ascorbic acid (with 4% metaphos- 
phoric acid and stored in a refrigerator) it was determined that the vi- 
tamin was stable for a t  least 4 days. 


The mean assayed contents of ascorbic acid determined from 20 
samples of the oral dosage forms were (expressed as percent of label 
claim): powder, 99.9%; tablet, 107.8%; chewable tablet, 101.2%; and 
timed-released capsule, 104.3%. The injectable solution contained 108.7% 
of the label claim based on the assay of three vials. The urinary excretion 
data were corrected for these values of actual ascorbic acid content. 


The results of the intravenous experiments were previously reported 
elsewhere (17). Figure 1 is a representative graph of ascorbic acid excre- 
tion rate as a function of time after intravenous administration to one 
subject. The data appear to be consistent with a two-compartment model. 
The average elimination t l l 2  associated with the log-linear terminal ex- 
ponential phase (@-phase) was 3.5 hr (range, 2.74.3 hr). The percentage 
of the intravenous dose recovered in the urine averaged 84.7% (range, 
81.3-87.3%) as shown in Table I. Figures 2-4 are representative graphs 
of ascorbic acid excretion rate as a function of time after the oral ingestion 
of the various dosage forms studied. For comparison, the data obtained 
from the oral solution are included in each graph. The excretion rate-time 
profiles are similar for the oral solution, tablets, and chewable tablets. 
A comparable pattern is not seen, however, for the timed-release pre- 
paration. In the latter case, the rate of absorption and ER,., are con- 
siderably smaller compared with the other oral dosage forms. 


The bioavailability of the vitamin from these dosage forms is sum- 
marized in Table I. The solution, tablet, and chewable tablet are absorbed 
to approximately the same extent (-30% of the dose) although there is 
considerable intersubject variation in the percentage of the dose recov- 
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Figure 3-Urinary excretion rate of ascorbic acid as a function of time 
in one subject after the ingestion of 1 g of ascorbic acid as a solution (0) 
or as a chewable tablet (0). T h e  solid lines represent the best f i t  of the 
data. 
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Figure %-Urinary excretion rate of  ascorbic acid as a function of time 
in one subject after the  ingestion of1 g of ascorbic acid as a solution (0) 
or as a tablet (0). The  solid lines represent the best f i t  of the data. 
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Figure 4-Urinary excretion rate of ascorbic acid as a function of time 
in one subject after the ingestion of 1 g of ascorbic acid as a solution (0) 
or as a timed-release capsule (*). The solid lines represent the best fit 
of the data. 


ered. Absorption from the timed-release capsule is considerably less than 
from the other dosage forms (-14% of the dose). Based on analysis of 
variance there is a statistically significant difference among subjects with 
respect to the percentage of the oral dose recovered (p < 0.01) but there 
was not a statistical difference with respect to sequence of administration 
(p > 0.25). Percentage recoveries among the oral dosage forms were not 
statistically different (0.05 < p < 0.10), probably as a result of the large 
variation in these values among the subjects. Since the urinary recovery 
data suggested that the timed-release capsule was considerably different 
from the other oral dosage forms, Scheffe’s test (16) was used to compare 
the means obtained from the timed-release capsule versus the other 
forms. As with the analysis of variance, the difference was close to but 
did not reach statistical significance. 


A comparison of maximum ascorbic acid excretion rate (ER,,) among 
the different dosage forms is presented in Table 11. These values have 
been normalized for the assayed content of ascorbic acid in each form. 
Analysis of variance indicated significant differences among the products 
(p < 0.01) and among subjects (p < 0.01), while there was no significant 
difference with respect to sequence of administration (p > 0.25). The 
timed-release capsule had a substantially lower ER,,, value compared 
to the other oral dosage forms. 


Table I11 summarizes the times needed to achieve maximum excretion 
rates (T,,,). Consistent with a slower absorption rate noted for the 
timed-release capsule, T,,, for this form was significantly prolonged ( p  
< 0.01) compared with the other oral dosage forms. There were no sta- 
tistically significant differences among subjects or as a result of admin- 
istration sequence. 


Prior to the evaluation of ascorbic acid absorption from the various 
dosage forms examined, all subjects were shown to be saturated with the 
vitamin. This approach is necessary in evaluating the absorption of the 
vitamin from urinary excretion data, since the retention of the vitamin 
in the body is influenced by the nutritional status of the individual 


The urinary recovery values of the vitamin were very similar among 
the subjects after intravenous administration. An average of 85% of the 
dose was ultimately recovered in the urine. The remainder of the dose 
may be accounted for by other minor metabolites of the vitamin not de- 
tected by the assay method (e.g., oxalic acid and ascorbate-2-sulfate) (21, 
22) or a portion of the dose may remain in the ascorbate pool. 


In contrast to the intravenous data, there was considerable variation 
in the urinary recovery of the vitamin after oral ingestion (Table I). With 
any given oral dosage form there is large variation in the excretion of the 
vitamin among the subjects. There appeared to be a trend in this variation 
in that subject 1 consistently excreted less vitamin and subject 4 con- 
sistently excreted more vitamin than the other subjects. While the con- 
clusions presented here are necessarily limited by the number of subjects 
that participated, the data suggest that there may be “poor” and “good” 
absorbers of ascorbic acid. This trend is best supported by the oral so- 
lution data where there are no dosage form effects (e.g., disintegration 
and dissolution processes) to mask the inherent ability to absorb the vi- 
tamin. When dissolved in water the vitamin is presented to absorption 
sites of the GI tract in a form optimal for absorption. 


(18-20). 


Table 111-Time of Maximum Ascorbic Acid Excretion Rate 
(T,,,) from Various Dosage forms 


Time of Maximum Excretion Rate, hr 
Dosage Form 


Chewable Timed-Release 
Subject Solution Tablet Tablet Capsule 


1 
2 
3 


3.1 2.3 2.6 
2.3 3.8 2.4 
2.1 2.5 3.1 


4.9 
3.8 
3.5 


4 3.0 2.7 2.5 4.5 
Mean 2.6 2.9 2.1 4.2 
fSD 0.5 0.6 0.3 0.6 


It was suggested that ascorbic acid is absorbed in humans by a spe- 
cialized transport mechanism (11, 12). Differences among individuals 
in the values of the parameters associated with this transport process may 
partially account for the variation noted in the extent of absorption. 
Furthermore, differences in physiological variables along the gut (e.g. 
gastric emptying rate) may contribute to this intersubject variation. The 
absolute absorption of the vitamin from oral solution may be calculated 
by the ratio of urinary recoveries from the solution to the intravenous 
dose. Approximately 40% of the dose ingested as a solution is absorbed 
(range, 20-62%). Compounds transported by specialized processes are 
generally absorbed only at  certain sites along the GI tract. This has been 
shown, for example, for riboflavin where absorption proceeds from the 
upper regions of the small intestine (23). The same observation is likely 
to apply to ascorbic acid. As a result, factors altering gastric emptying 
and intestinal transit rates (e.g., food and drugs) may influence the ef- 
ficiency of absorption from the oral dosage form. This effect was ade- 
quately illustrated for riboflavin (23,24) and appears to be the case for 
ascorbic acid as well (25). 


The urinary recovery data indicated that the vitamin was absorbed 
to approximately the same extent from the solution, tablet, and chewable 
tablet. The timed-release capsule, however, was absorbed to a much 
smaller extent compared with the other oral forms. The absolute per- 
centage of the dose absorbed from this capsule was -17%, which is less 
than one-half the amount absorbed from the solution (-40%). Several 
reasons may be suggested to account for the poor absorption of the vi- 
tamin from the timed-release capsule. The vitamin may be incompletely 
released from the formulation resulting in reduced absorption compared 
with a solution. An additional explanation may be that, to be well ab- 
sorbed, the vitamin must be released from the formulation and be in 
solution before the vitamin passes its sites of maximal absorption. Since 
timed-release formulations are designed to release a compound slowly 
over an extended period of time, a substantial portion of the dose of the 
vitamin may not have been released before passing this site. This would 
be particularly true if, as it appears (26), the major site for absorption is 
in the upper region of the small intestine. 


Further insight into the absorption of ascorbic acid may be obtained 
by reference to Tables I1 and 111. While the ER,,, values are similar 
among the solution, tablet, and chewable tablet forms, the timed-release 
capsule provides considerably smaller values (Table 11). These smaller 
values for the capsule indicate slower and less complete absorption of the 
vitamin. The slower and prolonged rate of absorption in contrast to the 
solution is illustrated in Fig. 4. Also consistent with this slower rate of 
absorption is the fact that it takes longer for the timed-release capsule 
to achieve the maximum excretion rate compared with the other oral 
forms (Table 111 and Fig. 4). The average value of T,,, for the timed- 
release product (4.2 hr) is similar to the value of 4.9 hr reported (27) for 
a different timed-release formulation of ascorbic acid. Consistent with 
this discussion are the differences in the apparent first-order absorption 
rate constant among the dosage forms. The apparent absorption rate 
constants for the solution (1.4 hr-l), tablet (1.4 hr-l), and chewable tablet 
(1.3 hr-l) forms are about three times larger than that for the timed- 
release product (0.4 hr-*). 


The results of this study are consistent with the findings of Richards 
et al. (28) who reported greater ascorbic acid plasma concentrations after 
oral administration of a nonsustained-release product compared with 
those achieved with a sustained-rglease product. Similar results were 
reported by Allen (29) who examined the same timed-release product 
used in this study. In that study, however, there was no crossover among 
subjects and the body store of the vitamin was relatively low. The latter 
point is supported by the small recovery of the vitamin in urine (-3% of 
the dose for the regular capsule and 1% for the timed-release product). 
The present findings disagree, however, with those of Zetler et al. (27) 
who measured ascorbic acid blood concentrations and urinary excretion 
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after oral ingestion of a capsule and a sustained-release product. Their 
results indicated that the extent of absorption from the sustained-release 
product was almost twice that from a regular capsule. In addition, -98% 
of the sustained-release dose was absorbed compared to an intravenous 
dose. The latter value is unusually high and we are not aware of any study 
where an oral dose of ascorbic acid is virtually completely absorbed. 
Another discrepancy is that the ascorbic acid half-life was determined 
(27) to be -11 hr prior to saturation and 29 hr after saturation. These 
values are considerably greater than those reported for the half-life of 
the vitamin after exogenous administration (11,17,26,30). The reason 
for the substantial differences in half-life and availability from the 
timed-release products reported here and by Zetler et al. (27) is not 
known. 


The results of this study indicate that ascorbic acid absorption is in- 
complete after oral ingestion and that there is considerable intersubject 
variation in the extent of absorption. In addition, absorption of the vi- 
tamin is considerably less efficient from the timed-release capsule ex- 
amined here compared with the other oral forms. These findings have 
several implications. From a practical point of view, efficient oral therapy 
with the vitamin can be achieved by dissolving powdered ascorbic acid 
in water. In addition, for the specific manufacturers’ products examined 
in this study, tablets and chewable tablets appear comparable to a solu- 
tion of the vitamin. This conclusion may not apply to tablets made by 
all manufacturers but that can only be determined from the evaluation 
of other products in a manner used in the present study. The timed-re- 
lease capsule examined here appears to  be a more expensive and less re- 
liable means of providing oral vitamin therapy compared with other more 
conventional dosage forms. This conclusion may apply to similar dosage 
forms which attempt to delay or sustain the release of the vitamin; 
therefore, bioavailability studies for such forms are essential. 


A question that remains to be answered is to what extent does variation 
in ascorbic acid absorption influence the results of large-scale trials de- 
signed to examine the clinical effects of the vitamin? To the authors’ 
knowledge no consideration has been given to absorption as a parameter 
potentially influencing the findings of such studies. Investigators 
pursuing such trials should give some consideration to the possible in- 
fluence of variation in ascorbic acid absorption on clinical outcome. 
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Abstract 0 After electron impact in the mass spectrometer, 24,24-di- 
phenyl-23-ene derivatives of cholic acid ejected the 17-sidechain as an 
ionized 1,l-diphenyl-butadiene derivative, and the l2a-acetoxy group 
activated this loss. This contrasts markedly with the mass spectrometric 
fragmentation of typical sterols having unsaturated 17-sidechains that 
are also devoid of functionality on the C-ring. 


Keyphrases 0 Mass spectra-fragmentation of 24,24-diphenyl-23-ene 
derivatives of cholic acid Cholic acid-24,24-diphenyl-23-ene deriv- 
atives, fragmentation by mass spectra Derivatives-24,24-diphenyl- 
23-ene derivatives of cholic acid, mass spectral fragmentation 


During the course of other investigations (l), a number 
of 24,24-diphenyl-23-ene derivatives of cholic acid having 
structural similarities to known biologically active com- 


pounds were prepared. Since the Barbier-Wieland 17- 
sidechain degradation is used extensively in steroid-ter- 
penoid synthesis (2,3) and electron impact induced loss 
of the 17-sidechain is of both fundamental and diagnostic 
importance (4-6), the ,observations concerning mass 
spectral cleavage processes of the Barbier-Wieland mod- 
ified 17-sidechain of steroids and terpenoids are summa- 
rized. 


RESULTS AND DISCUSSION 


The preparation of the compounds in this study was unexceptional. 
However, isolation of pure diene (IVa-IVd) was difficult because un- 
reacted monoene was invariably present. Also, it is likely that E and 2 
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Abstract  0 Thirty-four vasodilators were screened in several in uitro 
biochemical assays related to smooth muscle excitation-contraction 
coupling, binding to PI-, 82-, and a-adrenergic receptors, inhibition of 
phosphodiesterase activity, and antagonism of calcium accumulation. 
Isoproterenol and perhexiline only exhibited binding to 13-adrenergic 
sites. Ergocryptine, tolazoline, and amotriphene only bound to a- 
adrenergic receptors. Leniquinsin, papaverine, proquazone, dioxyline, 
hoquizil, quazodine, and theophylline were active only as phosphodies- 
terase inhibitors. Isoxsuprine, nylidrin, and bencyclane bound to a- and 
P-receptors. Pentoxifylline bound to P1-sites and inhibited phosphodi- 
esterase. Cyclandelate bound to 02-sites and blocked calcium accumu- 
lation. Cinnarizine and flunarizine antagonized calcium accumulation 
and bound to a-sites. Prazosin bound to a-sites and inhibited phospho- 
diesterase. Ethaverine and dipyridamole were inhibitors of phosphodi- 
esterase and calcium accumulation. Nafronyl bound to Pz- and a-sites 
and antagonized calcium accumulation. Mebeverine bound to & and 
a-receptors and inhibited phosphodiesterase activity and calcium ac- 
cumulation. Verapamil bound to a-sites. and blocked phosphodiesterase 
and calcium accumulation. Quinazosin bound to (32- and a-receptors and 
antagonized both phosphodiesterase activity and calcium accumulation. 
Vasodilators that were inactive in all assays included niacin, nicotinyl 
alcohol, inositol nicotinate, amyl nitrite, sodium nitroprusside, diazoxide, 
hydralazine, and protoveratrine. Vasodilators should not be considered 
as a single drug class since they act on various mechanisms related to 
coupling of neuronal excitation to muscular contractility. 


Keyphrases Vasodilators-biochemical mechanisms Adrenergic 
receptors--n, 01, and P 2 ,  effect of various vasodilators 0 Calcium-effect 
of various vasodilators on intracellular accumulation, red blood cells 
Phosphodiesterase-inhibition by various vasodilators 


The treatment of cardiovascular diseases such as hy- 
pertension (1,2), angina pectoris, cardiac failure (3 ,4) ,  and 
certain peripheral vascular diseases (1,5,6) utilizes drugs 
that produce vasodilation. Vasodilation results from an 
increase in the internal diameter of blood vessels, pre- 
sumably through relaxation of vascular smooth muscle. 
Significant progress has been made in elucidating the 
biochemical mechanisms controlling smooth muscle con- 
tractility. Molecular events in that process include the 
interaction of catecholamines with specific adrenergic 
receptors of the smooth muscle cell membrane, the ac- 
tivities of enzymes that regulate cellular levels of cyclic 
AMP, the control of cellular calcium-ion transport and 
storage, and the interaction of calcium with the contractile 
proteins of the smooth muscle cell (7-9). 


By using this concept of excitation-contraction coupling 
in smooth muscle as a working hypothesis, the mechanism 
of action of various vasodilators has been studied. 
Thirty-four vasodilators (1,2,5,10,11) were tested in three 


types of in vitro screening models: ( a )  binding to a- and 
P-adrenergetic receptor sites, ( b )  inhibition of cyclic AMP 
phosphodiesterase, and ( c )  inhibition of intracellular 
calcium accumulation. The results suggest that vasodilator 
drugs interact with a variety of distinct events in the ex- 
citation-contraction coupling mechanisms of vascular 
smooth muscle. 


EXPERIMENTAL 
Adrenergic  Radioreceptor Assays-(3-Adrenergic Receptor 


Binding Assays-Sarcolemma-enriched membranes from guinea pig 
hearts were prepared as described previously (12). Guinea pigs were killed 
by cervical dislocation, and the hearts were immediately placed in ice-cold 
physiological saline. Hearts (20-25 g) were minced in 10 volumes of 2.5 
mM imidazole buffer (pH 7.4) containing 0.1 mM ethylenediaminete- 
traacetic acid (I) and briefly homogenized with a tissue homogenizer. The 
homogenate was centrifuged for 1 min a t  22Xg. 


The supernatant fraction was rehomogenized and recentrifuged five 
times. The pooled supernatant fractions were passed through three layers 
of cheesecloth and centrifuged at  1600Xg for 20 min. The resulting pellet 
was resuspended in 200 ml of 10 mM Itris(hydroxymethy1)amino- 
methane hydrochloride] buffer (111, pH 7.5, containing 0.1 M sucrose and 
homogenized using a conical polytef'/glass tissue grinder. The homoge- 
nate was centrifuged a t  1600Xg for 20 min. 


These resuspension, homogenization, and centrifugation steps were 
then repeated. The pellet was resuspended in 50 ml of 0.4 M sucrose in 
10 mM I1 (pH 7.5) and osmotically shocked by slow dilution into 1 liter 
of 0.25 mM I in 5 mM I1 (pH 7.0) buffer. The membranes were collected 
by centrifugation a t  1600Xg for 30 min, and the pellet was suspended in 
20 ml of 0.4 M sucrose in 10 mM I1 (pH 7.5). The suspension was diluted 
with three volumes of a 13 mM I1 buffer (pH 7.0) containing 1.3 M KCI, 
2.6 mM I, and 0.4 M sucrose. After stirring for -16 hr at  4". the extract 
was diluted with an equal volume of buffer [ 1 M KCI-2 mM 1-10 mM 11 
(pH 7.0)]. After centrifugation at  1600Xg for 30 min, the pellet was 
washed three times in 100 ml of 0.1 M sucrose in 10 mM I1 (pH 7.0) buffer. 
The final pellet was suspended in 0.1 M sucrose and stored in liquid ni- 
trogen. 


Bronchial tree membranes were prepared from either fresh guinea pig 
lungs or lungs stored a t  -100'. Bronchial trees were exposed by combing 
through the lungs several times with a steel animal hairbrush to strip 
them of alveolar tissue. Extraneous tissue was removed by scraping with 
a scalpel. The bronchial trees were placed in a small volume of ice-cold 
I1 (pH 7.4) containing 1 mM MgC12 and 0.25 M sucrose. Then they were 
finely minced and homogenized by four 10-sec bursts with a tissue ho- 
mogenizer. 


The homogenate was filtered through a single layer of cheesecloth, and 
the filtrate was centrifuged for 10 min at  400Xg. The pellet was discarded, 
and the supernate was centrifuged for 10 min at  20,OOOXg. The resulting 
pellet was washed in 50 mM I1 (pH 7.5) containing 10 mM MgCI2 and 
centrifuged a t  28,OOOXg for 10 min. The pellet was resuspended in 75 m M  


Teflon. 
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Table I-Vasodilators with Affinity for  8-Adrenergic Binding Sites 


Compound Structure 


Ic50, jtM 
Adrenergic Receptor Binding 


P,l(Heart)" PdLung) (Uterus)= PDEd Ca2+ 


Propranolol Control 0.05 0.07 100 -I - 
Atenolol Control 5.5 30 - - - 


CH, 


- 0.6 1.5 - - 
Isoproterenol H o & r - y H N H y  I 


OH H CH, 


- 4 


Competition for binding of [3H]dihydroalprenolo1 to specific bindin sites on uinea pig heart membranes. * Competition for binding of [3H]dihydroal renolol to 
specific binding sites on guinea pig lung membranes. Competition for bining of [3Hfdihydroergocryptine to specific binding sites on rabbit uterine membranes. !Inhibition 
of rat brain phosphodiesterase activity. Inhibition of 45Ca2+ accumulation in human red blood cells. f Indicates no activity at highest concentration tested (150 pM). 


Table 11-Vasodilators with Affinity f o r  a-Adrenergic Binding Sites a 


Compound Structure 


ICm, PM 
Adrenergic Receptor Binding 


81 (Heart) P Z  (Lung) a (Uterus) PDE Ca2+ 


Phentolamine Control 
Phenoxybenzamine Control 
Ergocryptine 


Tolazoline 


Amotriphene H , C 0 ~ C = C - C H , N ( C H 3 ) ,  6 - 


I 


0.025 
0.15 
0.06 


4 


150 


O1 See footnotes to Table I. 


I1 (pH 8.1) containing 25 mM MgClz and collected by centrifugation a t  
28,OOOXg. The final pellet was suspended in the same buffer and stored 
in liquid nitrogen. 


The P-adrenergic binding assays were conducted according to the 
method of Mukherjee et al. (13). The frozen membrane preparation was 
thawed and maintained on ice. The incubation mixture contained 25 jtl 
of the test drug, 50 jtl of [3H]dihydroalprenolo11 (40,000 cpm; 9 nmoles), 
and 100 jtl of the membrane preparation. A 15-min incubation at 37' was 
initiated by the addition of the membrane preparation and vortexing. 
The incubation was terminated by adding 5 ml of ice-cold 75 mM I con- 
taining 25 mM MgClz (pH 8.1) and immediately collecting the mem- 
branes on glass fiber filter disks. The membranes were washed five times 
with 5 ml of the same ice-cold buffer. The filter disks were dried in an 
oven and counted in a scintillation solution2. Along with each set of test 
compounds, incubations were conducted with 1.5 X M propranolol. 
Binding of [3H]dihydroalprenoloI at this high concentration of pro- 
pranolol was considered to represent nonspecific binding to P-adrenergic 
receptor sites. 


a-Adrenergic Receptor Binding Assay-Membranes were prepared 


from frozen type I1 mature rabbit uteri according to the method of 
Willliams et al. (14). After thawing, fat was removed and endometrial 
cells were scraped free with a scalpel. Uteri were sliced, finely minced with 
scissors in a solution containing 0.25 M sucrose, 5 mM I1 (pH 7.4), and 
1 mM MgC12, and then homogenized four times. After filtration through 
cheesecloth, the homogenate was centrifuged a t  400Xg for 10 min. The 
supernatant liquid was then centrifuged for 10 min at  39,OOOXg. The 
resulting pellet was homogenized using a polytef/glass tissue grinder in 
50 mM I1 (pH 7.4) containing 10 mM MgC12. The resuspended pellet was 
centrifuged for 10 min a t  39,00OXg, and the resulting pellet was washed 
with the same buffer. The final pellet was homogenized in the same buffer 
and used fresh in the binding assay. 


The incubation consisted of 25 jtl of test drug, 50 pl of [3H]dihydro- 
ergocryptine3 (-40,000 cpm, 2 pmoles), and 100 jt1 of the membrane 
preparation. A 15-min incubation, conducted a t  25", was terminated by 
addition of 5 ml of room temperature 10 mM MgC12 in 50 mM I1 (pH 7.5). 
Membranes were collected by fiber filtration and washed with 5 ml of the 
same buffer a t  room temperature. Phentolamine a t  1.5 X M was used 
to define nonspecific binding to the membranes. 


2 Aquasol, New England Nuclear. 3 9,10-[9,10-3H(N)], specific activity 24 Cihmole, New England Nuclear. 
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Table 111-Vasodilators t ha t  Inhibit Phophodiesterase Activity 


Ic50, PM 
Adrenergic Receptor Binding PDE 


Structure 81 (Heart) 8 2  (Lung) a (Uterus) (Brain) (Artery) Ca2+ Comoound 
Etazolate Control - 4 NT - 


2.8 7.6 - 


I1 kWH3 
OCH, 


OCH, 
I 


Papaverine 3.1 N T b  


Hxcw Proquazone 19 4.4 


Dioxyline 5.4 1.1 


H,CO 


H,CO 


/N\ Hoquizil 18 15 
'N' OH 


O=CDCH,CCH, 
I I  


I 
CH3 


20 48 


240 NT 


0 See footnotes to Table I. JJ Not tested. 


Phosphodiesterase Assay-Phosphodiesterase was prepared from 
rat brain or Cynomolgus monkey abdominal artery by the method of 
Chasin and Harris (15). Tissues were homogenized in 5-10 volumes of 
0.05 M I1 (pH 7.5), and the homogenates were centrifuged for 20 min a t  
39,OOOXg. The supernate was adjusted to 5% saturation by slow addition 
of an equal volume of neutral, saturated ammonium sulfate. The pre- 
cipitate was allowed to form for 1 hr in an ice bath and was collected by 
centrifugation a t  39,OOOXg for 20 min. The precipitate was dissolved in 
a minimum volume of 0.05 M I1 (pH 7.5) and dialyzed overnight against 
20 volumes of the same buffer. The enzyme preparation was stored a t  
40. 


The enzyme inhibition assay was conducted in plastic scintillation vials. 


A small drop was produced in the bottom of the vial, which contained 50 
pl of II,50 pl of the [3H]cyclic AMP substrate solution, 50 pl of test drug, 
and 50 pl of diluted enzyme preparation in 1 mg of bovine serum albumin 
and 1 mg of snake venom nucleotidase/ml of 0.05M I1 buffer a t  pH 8.0. 
The vials were incubated for 10 min a t  37O with vigorous shaking. The 
reaction was terminated by the addition of 0.5 ml of washed anion-ex- 
change resin (200-400 mesh, 50% settled volume). 


The phosphodiesterase activity was measured as ["]adenosine using 
a modified Bray's scintillation cocktail. 


Calcium Transport  Assay-The assay for inhibition of calcium ac- 
cumulation was conducted as described by Scott et al. (16). Blood was 
obtained in heparin from healthy human volunteers, and the red blood 
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cells were collected by centrifugation a t  270Xg. The cells were washed 
four times and resuspended in 10 mM I1 (pH 7.3) containing 135 mM 
NaC1,4.5 mM KCI, and 15 mM chlorine chloride (111). The cells (400 p1 
packed red blood cells), 10 pI of test drug solution, and 490 pl of 111 were 
preincubated in 12 X 75-mm plastic tubes a t  24' for 1 hr. A 100-p1 solu- 
tion of [45Ca]calcium chloride4 (-1 X lo6 cpm, specific activity 9.85 
mCi/mg) was added, and the tubes were incubated with moderate shaking 
for 30 min at  37". 


The incubation was terminated by addition of 2 ml of 0.1 mM lantha- 
num chloride in 111. Tubes were centrifuged a t  270Xg for 10 min, and the 
supernate was removed. The cells were washed in 2 ml of buffer and re- 
centrifuged, and the supernate was again removed. Each tube was vor- 
texed, and 200 pl was transferred to a glass scintillation vial. A 200-pl 
aliquot of 60% perchloric acid was added, the vials were shaken, and then 
400 pl of 50% hydrogen peroxide was added with shaking. The vials were 
heated to 70-80' for 30 min. After cooling, 8 ml of ethylene glycol mo- 
nomethyl ether was added to each vial, followed by 10 ml of a toluene- 
phosphor solution (6g of 2,5-diphenyloxazole/liter of scintillation grade 
toluene). Radioactivity was measured by liquid scintillation spectros- 
COPY. 


Drugs-Drugs used as standards in these assays included niacin5, 
pentoxifylline6, dipyridam~le~,  amiquinsina, leniquinsina, dioxylineg, 
prot~veratrine~, amylnitriteg, nicotinyl alcohollo, sodium nitroprusside'O, 
cyclandelate", cinnarizine12, flunarizine'z,  erap pa mil'^, nafronyl14, 
quazodine15, ethaverinel6, prazosin17, quina~osin'~,  hoquizil17, mebev- 
erine18, diazoxidelY, etazolate hydrochloride2O, phenoxybenzamineZ1, 
bencyclaneY2, papaverineZ3, nylidrinZ3, and amotripheneZ4. Other drugs 
were obtained commercially. 


Drugs were dissolved immediately prior to assay in distilled water, 
using dimethyl sulfoxide or dimethylformamide as solubilization aids 
if necessary. 


RESULTS 


Table I shows the compounds that exhibited binding only to @-a- 
drenergic receptors. Two control compounds were run as assay validation 
standards. In the competition assays using guinea pig heart and lung 
membranes and [3H]dihydroalprenolo1 as the radioligand, the nonse- 
lective P-adrenergic antagonist propranolol had high binding affinity. 
The cardioselective @blocker atenolol had lower affinity for sites on both 
heart and lung membranes than did propranolol, the affinity being higher 
for heart membrane binding sites than for lung membrane sites. The 
binding sites on guinea pig heart and lung membranes labeled by [3H]- 
dihydroalprenolol have been characterized as p1- and 02-adrenergic, 
respectively (17). 


Two vasodilators exhibited binding affinity for P-adrenergic receptors. 
Isoproterenol had the highest affinity for both 61- and &-receptors. 
Perhexiline had lower affinity. Neither compound showed measurable 
affinity for a-adrenergic receptors. The compounds did not inhibit cyclic 
AMP phosphodiesterase activity, nor did they block Ca2+ accumula- 
tion. 


Table I1 shows the vasodilator compounds that hound only to a- 
adrenergic binding sites. The standard a-antagonist phentolamine had 
high affinity, and phenoxybenzamine also bound to a-sites. In addition, 
phenoxybenzamine inhibited the accumulation of calcium 45 into 
erythrocytes. Ergocryptine and tolazoline also had relatively high affinity 
for a-adrenergic receptors, while amotriphene exhibited marginal af- 
finity. The three compounds were inactive in the other assays. 


Table I11 lists the active compounds in the phosphodiesterase inhibi- 


New England Nuclear. 


Suppliedby Albert-Roussel. 
Supplied by Boehringer-Ingelheim. 
Supplied by Eaton. 
Supplied by Eli Lilly. 


lo  Supplied by Hoffmann-La Roche. 
l1 Supplied by Ives. 
l2 Supplied by Janssen. 
l3 Sujpplied by Knoll. 
l4 Supplied by Lipha. 
l5 Supplied by Mead-Johnson. 


Supplied by Parke-Davis. 
l7 Supplied by Charles Pfizer. 


Supplied by Philips Duphar. 
l9 Supplied by Schering-Plough. 
*O Supplied by Squibb. 
21 Supplied by Smith Kline and French. 
2:! Supplied hy Thiemann. 
23 Supplied by US. Vitamin. 
24 Supplied by Winthrop. 
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Figure I-Possible mechanisms of vascular smooth muscle encita- 
tion-contraction coupling. 


tion assay. The potent phosphodiesterase inhibitor etazolate hydro- 
chloride served as a control standard. Leniquinsin was the most potent 
of the vasodilators tested with rat brain phosphodiesterase. Papaverine, 
proquazone, and dioxyline were slightly less potent. Hoquizil and qua- 
zodine were less potent, and theophylline was the least potent of the ac- 
tive agents tested. All active compounds tested inhibited phosphodies- 
terase activity in Cynomolgus monkey abdominal artery. This group of 
vasodilators was inactive in all other assays. 


Thirteen vasodilators tested were active in more than one assay (Table 
IV). Isoxyprine, nylidrin, and bencyclane bound to PI-,  p2-, and a- 
adrenergic receptors. Pentoxifylline had a low level of affinity for PI-re- 
ceptors, and it also inhibited phosphodiesterase activity. Cyclandelate 
bound to /32-adrenergic receptors and inhibited accumulation of cal- 
cium. 


Two compounds, cinnarizine and flunarizine, inhibited accumulation 
of calcium 45 ion in human red blood cells. Both compounds exhibited 
some affinity for a-sites. As previously reported (18,19), prazosin bound 
to a-receptors. Ethaverine and dipyridamole were phosphodiesterase 
inhibitors and also inhibited calcium 45 ion accumulation. 


Nafronyl was active in three assays. It had low binding affinity for pz- 
and a-receptors and inhibited calcium accumulation. Mebeverine also 
bound to pz- and a-receptors and inhibited phosphodiesterase activity. 
Verapamil bound to a-receptors and inhibited both phosphodiesterase 
activity and calcium 45 ion accumulation. 


One compound, quinazosin, was active in four of the five assays. Qui- 
nazosin bound to p ~ -  and a-receptors. It also inhibited phosphodiesterase 
activity and calcium 45 ion accumulation. 


Niacin, nicotinyl alcohol, inositol niacinate, amyl nitrite, sodium ni- 
troprusside, diazoxide, hydralazine, and protoveratrine were inactive in 
all five assays at the highest concentration listed (150 pM). 


DISCUSSION 


Vasodilation results from relaxation of vascular smooth muscle and 
leads to enhanced blood flow and/or reduced peripheral resistance (4, 
20). Pharmacologically, vasodilators have been classed in two groups. One 
group acts indirectly on sympathetic innervation to the arterioles, thereby 
relieving functional vasoconstriction, and the other acts directly on the 
smooth muscle of the arterioles. Drugs classically categorized as sym- 
pathetic depressants include centrally acting agents such as the dihy- 
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Table IV-Vasodilators with Multiple Activities a 


ICm, PM 
Adrenergic Receptor Binding PDE 


Compound Structure PI (Heart) PZ (Lung) a (Uterus) (Brain) (Artery) Ca2+ 


N T  - Isoxsuprine 


Nylidrin Ho--@p-p-c~. 


OH NHCHCHzCHz 
I 


20 10 50 - NT 


,CHZ 
OCH2CH2CH2N 


'CH, 


aCHZG Bencyclane 3.5 1.5 15 


Pentoxifylline 85 48 - N T  * 


CH, 


C yclandelate 


Cinnarizine 


16 


- 


NT 31 


N T  19 


Flunarizine 25 N T  46 


F. 
0 


Prazosin 1.0 26 30 


Ethaverine 1.5 1.6 11 


cj, ,CH2CH20H 


'CH,CH,OH 


fN\  HOH,CH,C 


Dipyridamole 4.2 20 5.6 


U 


8 ,  CH&HCOFH,CHzN(CzHJz Mafronyl 75 50 - N T  2.5 
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Table IV-Continued 


ICm, ccM 
Adrenergic Receptor Binding PDE 


Compound Structure PI (Heart) P 2  (Lung) a (Uterus) (Brain) (Artery) Ca2+ 


Nebeverine 
C J &  0 


H,co-@c~,cH - N I -(CH>)~-- o -C ''+OCH, 
I 


10 20 74 100 


2.5 28 64 87 


Quinazosin "3 - cH,cH = CH, - 


H,CO 
NH, 


15 1.5 84 140 13 


0 See footnotes to Table I. * Not tested 


droergot alkaloids, ganglionic blocking drugs (e.g., pentolinium and 
mecamylamine), and agents such as guanethidine, which block norepi- 
nephrine release a t  neuroeffector junctions. Drugs categorized as acting 
on smooth muscle include P-adrenergic stimulating agents such as iso- 
proterenol, isoxsuprine, and nylidrin and a-adrenergic blocking agents 
such as phenoxybenzamine and tolazoline. Other direct acting vasodi- 
lators presumably act on contractile mechanisms of the smooth muscle 
cell (5). 


The biochemical mechanisms that underlie the coupling of sympathetic 
nervous excitation and smooth muscle contractility are beginning to be 
understood. Figure 1 shows an hypothesized pathway involving a complex 
series of biochemical events (7, 8, 21-23), by which adrenergic neuro- 
transmitters regulate smooth muscle contractility. With respect to 
vasodilation, the following pathway is proposed 


1. Norepinephrine binds to specific 0-adrenergic sites on the muscle 
cell surface. 


2. The increased activity of a closely coupled enzyme, adenylate cy- 
clase, elevates cellular cyclic AMP levels. 


3. The cellular content of cyclic AMP regulates the activity of a second 
enzyme, cyclic AMP-dependent protein kinase, which functions to 
phosphorylate (and thus activates) certain proteins in the sarcoplasmic 
reticulum. The activated proteins in the sarcoplasmic reticulum control 
the storage and release of Ca*+ ions, which ultimately regulate the con- 
traction of the actin-myosin fibrils of the muscle cell. 


4. The heat-stable protein calmodulin binds calcium and activates 
phosphodiesterase to return cellular cyclic AMP levels back to normal. 
Simultaneously, calmodulin activates the calcium-stimulated ATP 
phosphohydrolase (the so-called calcium pump) to return intracellular 
levels of calcium to baseline levels. 


The biochemical events elicited by stimulating a-adrenergic sites are 
less well understood. Three hypotheses have been proposed: 


1. a-Receptor stimulation may inhibit adenylate cyclase or stimulate 
cyclic AMP phosphodiesterase activity, leading to a decrease in cellular 
cyclic AMP levels. 


2. a-Receptor stimulation causes increased guanylate cyclase activities 
and increased cyclic GMP levels, leading to physiological actions opposing 
cyclic AMP. 


3. a-Receptors function as calcium ionophores, resulting in increased 
Ca2+ influx. 


Most of the vasodilators tested were active in one dr more of the assays 
and thus might be expected to act at  some specific point in the described 
excitation-contraction coupling pathways for vascular smooth muscle. 
The compounds that were inactive in these assays may act on related 
mechanisms. For example, papaverine, nitroglycerin, diazoxide, and 
hydralazine all increased the cyclic AMP content in vascular smooth 
muscle (24). Furthermore, Chidsey and Gottlieb (20) reviewed studies 
that suggested that certain vasodilators (diazoxide, minoxidil, and sodium 
nitroprusside) interfere with some calcium movements responsible for 
initiation or maintenance of contractile state. These vasodilators might 
alter the availability of calcium ion to contractile proteins through 
compartmentalization rather than modification of cellular content. 


Several vasodilators exhibit multiple activities. Nylidrin and isoxsu- 


prine, vasodilators classically described as P-adrenergic stimulants, 
showed affinity for @-receptors. However, these compounds also exhibited 
affinities for a-receptors. The multiple activities of these drugs is con- 
sistent with earlier work (25), which showed that isoxsuprine relaxed a 
variety of nonvascular smooth muscles through mechanisms independent 
of @-receptors. These investigators suggested that, in addition to its 
sympathomimetic action, isoxsuprine may have a papaverine-like, direct 
effect as well as an adrenergic blocking action. Although radioreceptor 
assays do not distinguish between agonists and antagonists, these results 
suggest that  this compound more likely acts by blocking a-adrenergic 
receptors than by inhibiting phosphodiesterase activity. Furthermore, 
work reviewed by Coffman (6) indicated that the effects of isoxsuprine 
and nylidrin are not completely antagonized by P-adrenergic blocking 
agents. 


Previous findings (18) indicate that prazosin interacts with both the 
active site of phosphodiesterase and with a-receptors (18). Subsequent 
data suggest that prazosin binds to two different populations of binding 
sites, possibly relating to pre- and postsynaptic a-receptors (19). 


The a-blocking agent phenoxybenzamine also was found to be an in- 
hibitor of Ca2+ accumulation. The acknowledged calcium antagonist 
verapamil (26) also exhibited affinity for a-receptors, as well as phos- 
phodiesterase inhibition. The finding that several vasodilators exhibited 
activity in two of three assays (a-receptor, phosphodiesterase inhibition, 
and calcium accumulation) suggests a close relationship of three bio- 
chemical steps. On the other hand, the finding that some vasodilators 
were only active in one of these three assays supports the contention that 
these are closely related but independent mechanisms. 


The mechanisms closest to the control of contractile protein function 
evidently involve the transport, storage, and cellular content of calcium 
ion. Cinnarizine and flunarizine, for example, inhibit accumulation of 
calcium ion in human red blood cells (18) and have been reported to 
produce long-lasting inhibition of calcium-induced contraction in isolated 
vascular preparations of rat and rabbit (11). Other vasodilators such as 
papaverine, nafronyl, bencyclane, cyclandelate, dihydroergotamine, 
xanthinol niacinate, and pentoxifylline were reported by the same in- 
vestigators to be less potent as inhibitors of Ca2+-induced vasospasms. 
In this regard, flunarizine appears to possess a degree of selectivity in that 
(in contrast to the majority of reports) it had little effect on spontaneous 
myogenic activity (11). Flunarizine also prevents blood hyperviscosity 
induced by ischemic occlusion (26, 27), an effect apparently related to 
changes in red blood cell flexibility (28). This drug's vasodilator activity 
and its effects on red blood cell deformability both probably result from 
inhibition of Ca2+ accumulation (16). 


With respect to vasodilation, drug actions in the smooth muscle cell 
resulting in reduced Ca2+ available for interaction with the troponin- 
actin-myosin complex lead to relaxation of the muscle and dilation of 
the blood vessel. 


The biochemical screening models used in this study were predicted 
on our working hypothesis and were established to ascertain whether 
vasodilator drugs might have their effects on specific points in these 
pathways. Several vasodilators previously were shown to act through 
cyclic AMP-related mechanisms. Papaverine, for example, is a well- 
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accepted model compound of a vasodilator acting through cyclic AMP 
phosphodiesterase inhibition (29,30), and isoproterenol has been shown 
to elevate cyclic AMP levels through stimulation of adenylate cyclase. 
It is clear that elevated intracellular cyclic AMP levels can lead to vaso- 
dilation and that compounds that interact with either the a-adrenergic 
receptor or cyclic AMP phosphodiesterase may be potential vasodila- 
tors. 


The presence of calcium is a necessary component of smooth muscle 
contraction. Several workers showed that agents that normally contract 
vascular smooth muscle in uitro cannot cause contraction when calcium 
is omitted from the incubation or when calcium accumulation into the 
tissue is blocked. Therefore, agents capable of inhibiting calcium accu- 
mulation (e.g. flunarizine) may act by preventing vasoconstriction and 
result in a net vasodilation in uivo (31). 


It is not certain how directly the results using biochemical screening 
models can be extrapolated to in uiuo conditions involving vascular 
smooth muscle. However, several general findings provide a basis for 
further experimentation and future working hypotheses. 


Vasodilators must be considered a heterogeneous drug class. For ex- 
ample, from a therapeutic point of view, vasodilators used in the treat- 
ment of hypertension and peripheral vascular disease require different 
pharmacological properties. In the treatment of peripheral vascular 
disease, reduction of blood pressure is undesirable, whereas it is obviously 
a criterion for vasodilators used in hypertension (1). The optimal re- 
quirements for peripheral and cerebral vasodilators may also differ. 


The actions of vasodilators clearly involve heterogeneous physiological 
and biochemical mechanisms related to smooth muscle contractility. I t  
is proposed that both the therapeutic utility and side-effect pattern of 
a vasodilator will depend on the specific profile of the excitation-con- 
traction coupling mechanisms altered by the drug. Additional research 
on this series of drugs and on future compounds will provide more specific 
criteria for classifying vasodilator drugs. 
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Abstract D The dose-dependent disposition of extruded multilamellar 
(diameter -1 pm) negatively charged liposomes containing entrapped 
[14C]inulin was studied in mice. Mice received 1500, 300, or 15 pmoles 
of liposomal lipid/kg iv. Carbon 14 levels were measured in the blood, 
liver, spleen, and carcass for 72 hr. A pronounced saturation effect, con- 
sistent with the known dose behavior of other colloids, was seen a t  early 
times; it was manifested by higher dose values in the blood and spleen 
but by lower liver values as the dose increased. This dose effect was at- 
tenuated in the liver but was maintained in the spleen a t  later times, and 
percent dose values approached plateau values in all tissues for all doses 
a t  later times. [14C]Inulin was used as the liposomal marker because of 
its inability to enter cells (or, presumably, leave them if delivered there 


by liposomes) in its free form. An early decline in carbon 14 levels (over 
the first 48 hr) was seen in the liver for the low and medium doses. Be- 
cause of the known ability of blood factors t~ cause liposomes to leak their 
contents, this decline was interpreted as being a loss of [14C]inulin from 
extracellularly bound liposomes during this period. Moreover, the plateau 
carbon 14 levels at  later times were interpreted as approximating the true 
level of intracellular inulin delivery by the liposomes. 


Keyphrases 0 Liposomes-disposition i n  uiuo, dose dependency 0 
Disposition-of liposomes, dose dependency 0 Pharmacokinetics- 
liposome disposition in uiuo, dose dependency 


Recently, there has been considerable interest in lipo- 
somes (phospholipid vesicles) as an in uiuo drug delivery 
system. There are now ample data showing that liposome 


encapsulation can drastically alter the blood kinetics and 
tissue distribution of numerous compounds. Their po- 
tential uses in drug therapy, which were recently reviewed 
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Figure 1-Nitroglycerin loss: concentration in  b o t t k  = 100 pg/ml ,  f l o ~ u  
rate = 1.0 rnllmin. Equation describing loss: 1 - (C/Co) = 0.327e-0."n:36t 
- 0.i?70e-''~''9L + 1.08e-" yL1, where 0 i s  actual data and  t h e  smooth 
curiie is computer-fitted data.  
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Figure 2-Nitroglycerin loss: concentration i n  bottle = 100 pglnal, flciw 
rote = 0.5 rnllrnin. Equation describing loss: I - (C/C:o) = 0.201e-o.""t 
- 0..5ie-" 0041 + 0.S9e-0 ,IH', where 0 is actual data a n d  smooth line is 
cc~mputc~r-fitted data. 


VT 
v/ k 1 - c~~ + k'CTo 


(Eq. 10) A =  
VS k? - ti-, - k ,  - 
Vr 


and 


(Eq. 11) V,Y a = k , - + k - ,  
L'l 


Finally, substituting Eq. 9 into Eq. 4 and solving for C I :  


(Eq. 12) 


where 


(Eq. 13) k i A  
0 - tz, - ti:, 


(Y = 


and 
k 1 A (Eq. 14) 


To  further simplify Eq. 1 2  at  the initial phase, prior to 
adsorption of nitroglycerin, h i  = 0, ha = ko ,  and rear- 


= /iz - k ,  - k., 


ranging Eq. 12: 


(Eq. 15) 


The results of the treatment of the infusion data using Eq. 
15 is shown in Figs. 1 and 2, using different flow rate con- 
ditions. The data were listed using back projection 
(stripping) technique (2). As predicted by the model, a 
triexponential loss of nitroglycerin is seen. The model 
shows that the initial loss is due to adsorption and loss due 
to infusion, followed by equilibration on the inside surface 
of the infusion set and, consequently, the rate-limiting 
adsorption of nitroglycerin by the plastic. The model also 
shows that when no adsorptionlabsorption occurs, the 
concentration of drug delivered is the same as the con- 
centration in the bottle. 


All factors affecting nitroglycerin loss have been docu- 
mented previously for static conditions (1). All these fac- 
tors apply here, in addition to the loss also being dependent 
on the flow rate. 
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General Derivation of the Equation for 
Time t o  Reach a Certain Fraction of 
Steady State  


Keyphrases 0 Pharmacokinetics-derivation of the equation for time 
to reach a certain fraction of steady state Equations-for time to reach 
a certain fraction of steady state, derivation 


To the Editor: 


The time to reach a certain fraction of a given steady- 
state plasma concentration for a drug which exhibits 
multiexponential characteristics is not a simple function 
of the terminal disposition rate constant or half-life. 
Rather, it is a complex function of all coefficients and 
disposition rate constants in the equation describing the 
concentration-time curve. A given fraction of steady state 
is reached sooner with a drug that demonstrates multiex- 
ponential behavior than one that demonstrates monoex- 
ponential behavior. Recently, Chiou (1, 2 )  developed a 
general equation that permits the estimation of fraction 
of steady state from area ratios. The derivations were based 
on the superposition principle, or assume constant rate 
input of drug into the body. The following appears to be 
a more general approach for the derivation of the area 
equation. 
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The plasma concentration (C) versus time ( t )  curve for 
a drug obeying linear kinetics can be described by: 


n 
C = C Ale-x't (Eq. 1) 


I =  1 


following a single dose, or by: 


(Eq. 2) 


following the administration of multiple doses a t  a fixed 
time interval of r. In Eq. 2, CN is the plasma concentration 
during a dosing interval a t  any time following the N t h  
dose. Once steady state is achieved, the concentration (Css)  
is given by: 


The fraction of the steady-state concentration ( f s , 5 )  can 
be defined as the ratio of the average plasma concentration 
during the Nth  dosing interval ( @ N )  to the average plasma 
concentration a t  steady state (C), that is: 


j,$ = CNIC (Eq. 4) 


where 
- 
CN = AC/CN/T (Eq. 5) 


and 
- 
C = A U C l r  0%. 6) 


AUCN and AUC are the areas under the plasma concen- 
tration-time curves during the N t h  dosing interval and at  
steady state, i.e. J 6 C N  dt  and J6 C,,dt , respectively. In- 
tegrating Eqs. 2 and 3 from time zero to r ,  substituting 
these values for AUCN and AUC in Eqs. 5 and 6, and 
- solving for f S s  in Eq. 4 using the resulting values for CN and 
C yields: 


2 Al (1  - e - N \ / r ) / X ,  
/ = I  i,, = (Eq. 7)  


This relationship for f S s  can be expanded to give 


The  total area under a plasma concentration uersus time 
curve following a single dose of a drug equals Zy=j A / / X ,  
(i.e., the integral of Eq. I), therefore, 


AlIC - 5 A/c -NX/ r /X /  


AI'C 
/ = I  


(Eq. 9) 


Furthermore, the integral of Eq. 1 from time t to pro- 
vides an expression for the area under a plasma concen- 
tration uersus time curve following a single dose from time 
t to  a, AUC;": 


AI IC;  ~ A l c ~ - * ' / l / X ,  (Eq. 10) 


Because Nr  in Eq. 9 equals the time since the beginning 
of dosing, i.e., t ,  AUC;" can be substituted for 27=, 
A/e -NXIT /X ,  in Eq. 9 to yield: 


i,. = 


n 


l = l  


Therefore, the fraction of steady state reached at  time 
t after initiation of a multiple dosing regimen can he de- 
termined by knowing the areas, A UC and AlJCf' or A UC:, 
obtained from a single dose of the drug. No model has to 
be assumed to permit the use of Eq. 11 for determining 
f.\. 


( 1  
(2) W. L. Chiou, J .  Pharmacohinet. Hiopharm.,  8,311 (1980). 


W. I,. Chiou, J .  Pharm.  Sri., 68, 1546 (197'3). 
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Hypotensive Activity of Cecropia 
o b t usi folia 


Keyphrases Cecropia obtusijolia-ethanol extract, hypotensive ac- 
tivity Hypotensive activity-effect of Cecropia obtusifolia, ethanol 
extract 


To the  Editor 


Cecropia obtusifolia Bertol is a medium-sized tree of 
the Moraceae family which grows wild in the tropical areas 
of Mexico. In the traditional medicine of tropical America, 
different species of Cecropia have been credited with a 
variety of therapeutic properties, such as antitussive, 
anti-inflammatory, and antidiarrhetic. Since the beneficial 
effects of extracts of Cecropia leaves in the treatment of 
heart failure were documented in a clinical study (l), it 
seemed of interest to determine the cardiovascular effects 
of C. obtusifolia in view of its widespread distribution in 
Mexico. 


The material investigated' was collected in the area of 
the botanical station of Los Tuxtlas operated by the In- 
stitute of Biology of the University of Mexico and located 
in the Gulf coast state of Veracruz. Two kilograms of the 
leaves were ground and extracted with hexane in a Soxhlet 
apparatus. The  residue was then treated with ethanol and 
the resulting extract dried by lyophilization. One portion 
of the 104-g extract was used for pharmacological studies; 
the other for further extraction [shown previously ( 2 ) ] .  The 
results of this work, which led to the isolation and identi- 
fication of two compounds, will be reported elsewhere. 


The cardiovascular activity of the extract was deter- 
mined in male Wistar rats anesthetized with a 1.8 glkg ip 
dose of urethane. Blood pressure and heart rate were re- 
corded continuously, the former with a transducer con- 
nected to a cannulated femoral artery and the latter with 
a tachograph triggered by the pressure pulse. The extract 
was dissolved in propylene glycol and diluted with isotonic 
saline to  a final concentration of 10 mg/ml, resulting in a 


~ ~~ ~ 


' 'The plant material used i n  this investigation was identified as ( 'pcropia 
ohtu.\ilolio Bert01 (Moraceae) by d. I. Calzada, Institute of Biology. National Uni- 
versity of Mexico. A specimen '(Numher MEXIJ-237311) representing material 
collected for this investigation is available f o r  inspectim at the Herbarium , ~ f  the 
Institute 01 Riol(ipy, National University of Mexicti. 
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Data analysis and graphical examination of the results were performed 
on the PROPHET computer system, a specialized resource developed 
by the Chemical/Biological Information Handling Program of the Na- 
tional Institutes of Health (43). 


We wish to thank Ms. Deborah J .  Johnson and Mr. Richard Wagner 
for their able technical assistance during the course of this study and to 
Imperial Chemical Industries, Ltd. (Macclesfield, England) for their 
generous supplies of S(- ) -  and R(+)-propranolol hydrochloride. 


NOTES 


Sterility Testing of Fat Emulsions Using Membrane 
Filtration and Dimethyl Sulfoxide 
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Abstract  0 A method was described for sterility testing of 10% fat 
emulsions, which consisted of solubilizing the emulsion in dimethyl 
sulfoxide and filtering the mixture using a polyester membrane. The 
procedure was rapid and avoided the problems of turbidity and plugging 
of the membrane filter encountered with other methods. 


Keyphrases 0 Dimethyl sulfoxide-sterility testing of 10% fat emulsions 
using membrane filtration 0 Membrane filtration-sterility testing of 
10% fat emulsions, dimethyl sulfoxide Fat emulsions-sterility testing 
using membrane filtration and dimethyl sulfoxide 


Intravenous fat emulsions are used in peripheral and 
central vein infusions. Since bacterial contamination might 
be a problem with this kind of human drug product, a re- 
liable method for sterility testing is necessary to ensure 
that possible contamination is detected. 


The two basic methods for sterility testing (direct in- 
oculation and membrane filtration) described in the USP 
XX (1) are not suitable to test this product. Direct inocu- 
lation of the product into growth media renders the media 
turbid and makes it impossible to observe microbial 
growth. To detect growth, various transfers must be made 
from the original inoculated media to fresh media, thus 
increasing the possibilities of contamination and extending 
the analysis time. Only small quantities of the product can 
be tested with this method. Membrane filtration of the 
product is difficult because the emulsified fat globules will 
not pass the commonly used membrane filters, and the 
filter pores become plugged. The present report describes 
a method for the sterility testing of fat emulsions in which 
membrane filtration is combined with the use of a solvent, 
dimethyl sulfoxide. 


As part of the study, dimethyl sulfoxide was tested for 
bacteriostatic and fungistatic properties because of con- 
flicting reports concerning its antimicrobial effects. It was 
shown (2) that 10% dimethyl sulfoxide protects and aids 
in the recovery of heat-shocked Bacillus subtilis spores. 
The high recovery of the bacteria has been linked to the 
capability of the compound to activate dormant spores (3, 
4). A t  concentrations of 10,20, and 30% in food transport 
systems, dimethyl sulfoxide acts as a cryoprotective agent 
and increases the survival of some bacteria (5). A solution 
of 10% dimethyl sulfoxide yielded a 100% recovery rate of 
B. subtilis phage after storage of the phage for 25 days at  


-20' (6). During freezing and thawing of Aerobacter 
aerogenes and red blood cells, 10-20% dimethyl sulfoxide 
increased the organisms' viability (7, 8). Dimethyl sulf- 
oxide (100%) had no diffusible bacteriostatic activity when 
tested in disk agar diffusion sensitivity studies with various 
organisms (9). Normal growth of test organisms was ob- 
tained after 15-min exposure to 200,000 ppm (20%) di- 
methyl sulfoxide (10). 


Dimethyl sulfoxide has been classified by other re- 
searchers as weakly antibacterial and antifungal (11). 
Bacterial growth was inhibited when 20% dimethyl sulf- 
oxide was used in media (12, 13). Pottz et  al. (14) found 
that 5-10% dimethyl sulfoxide was bacteriostatic and 
20430% bacteriocidal. Dimethyl sulfoxide (25%) was re- 
ported to inhibit the growth of bacteria isolated from 
leukemia and cancer patients (15). Dimethyl sulfoxide 
affects a wide range of bacteria and fungi in concentrations 
used in antimicrobial testing programs in the pharma- 
ceutical industry (16). 


The described method was designed to test the bacter- 
iostatic and fungistatic capabilities of dimethyl sulfoxide 
to be used in the sterility testing of fat emulsions. Decimal 
reduction (D values) were determined using various t,est 
organisms. 


EXPERIMENTAL 


Dimethyl Sulfoxide Preparation-Dimethyl sulfoxidel was filter- 
sterilized using a polyester membrane2 (0.2-pn pore size, 45-min diam- 
eter) and stored in 25- and 50-ml  amount.^ in sterile glass screw-capped 
tubes. 


Steri l i ty Testing of Fat Emulsions-Aliquots (100 nil) ol'a 10% in- 
travenous fat emulsion:' were aseptically transferred to sterile :H X 
200-mm glass screw-capped test tubes. To each tube, 25 ml of dimethyl 
sulfoxide was added. The mixture was vigorously stirred for 30 sec using 
a vortex mixer and then filtered through a 0.4-pm polyester membrane?. 
The membrane was rinsed with 100 ml of fluid D (1)  and two 100-ml 
portions of fluid A (l), cut into two sections, transferred to fluid thio- 
glycolate and soybean casein digest broth, and incubated as described 
in USP XX (1). 


Bacteriostatic and  Fungistatic Testing of Dimethyl Sulfox- 
ide-Bacterial stock cultures containing <100 organisms/ml ofthe f'ol- 


I Mallinckrcidt Chemical Co,. St. [muis, M o  


:I Cutter Lahomtories. Inc., Herkrley. Calif. 
Nucleopore Corp., Pleasanton. Calit, 
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lowing ATCC test organisms were used to test dimethyl sulfoxide for 
bacterio- and fungistasis: Bacillus subtilis (6633), Staphylococcus aureu.7 
(6538), Candida albicans (10231), Pseudomonos aeruginosa (90271, 
Clostridium perfringens (11437), and Aspergillus nger  (16404). 


Six sets of four tubes each, containing 100 ml of Cat emulsion”, were 
prepared.. Each tube was inoculated with 1 ml of a test organism sus- 
pension. Dimethyl sulfoxide (25 ml) was added to two tubes per set, and 
50 ml to the remaining two tubes. All tubes were vigorously stirred for 
30 sec using a vortex mixer. The mixtures were membrane-filtered using 
a 0.4-pm polyester membrane*. The membranes were washed with 200 
ml of fluid A (1) and 100 ml of fluid D (1) and then cut into two sections. 
One section was transferred to fluid thioglycolate and the other to soy- 
bean casein digest broth. The fluid thioglycolate was incubated a t  33 f 
2’ and soybean casein digest broth a t  23 f T o ,  both for 7 days (1). 


D Value Determination-D values were determined using B. subtilis 
and C. albicans. C. albicans was used because the results of the bacter- 
iostatic and fungistatic test showed that it was more sensitive to dimethyl 
sulfoxide a t  concentrations of 33%. 


Spore stock suspensions containing -lo9 B. su btilis organisms/ml of 
water were used for inoculum. 


‘Cultures of C. albicans weregrown in 13 X 100-mm trypticase soy agar 
slants at  37 f 2” for 72 hr. The slants were washed with 2 ml of phosphate 
buffer to a final concentration of 109 organismdml. 


Six 25-ml aliquots of a 10% fat emulsion were transferred to separat,e 
glass screw-capped test tubes. Three of the tubes were each inoculated 
with 0.1 ml of a spore stock suspension of R. subtilis and the other three 
tubes with C. albicans. The contents of the t,ubes were vigorously stirred 
using a vortex mixer, and 6.25 ml of dimethyl sulfoxide was added to each 
tube. The tubes were stirred as before, and 5-ml aliquots were taken at  
0, 15, 30, 45, and 60 min. Each aliquot was filtered through a 0.4-pm 
polyester membrane. The membranes were washed with 100 ml of fluid 
A and transferred to 38 X 200-mm test tubes containing 100 rnl of fluid 
A. The tubes were ultrasonicated for 6 min at  55 kHz and dilutions plated 
using trypticase soy agar. The plates were incubated a t  35 f 2” for 48 
hr. 


RESULTS 


The results show that 20% dimethyl sulfoxide was not hacteriostatic 
or fungistatic to the test organisms used in this study. The growth rate 
of the sample was comparable to that of the control samples. A concen- 
tration of 33% dimethyl sulfoxide showed some fungistasis only against 
C. albicans after 7 days incubation a t  23 f 2’. 


When 20% dimethyl sulfoxide was used, the D values of H. .w btilis and 


C. albicans were >60 min. 
The polyester membrane had good filtration rates, taking -4 min to 


filter dimethyl sulfoxide and the emulsion. No problem was noted in the 
rinsing of the membrane with fluids A and D. Other membranes tested, 
such as acetate cellulose, pyroxylin, mixed esters of cellulose, and mixed 
cellulose acetate pyroxylin, were either dissolved by dimethyl sulfoxide 
or the pores were plugged by the fat emulsion. 


In contrast to the direct inoculation of a product, the entire product 
could be analyzed in this membrane filtration method, with no problem 
of the media showing turbidity upon inoculation. The use of dimethyl 
sulfoxide as a solvent and of polyester membrane filters for the filtration 
of the product and rinsing fluids provided a rapid method of analysis. 
Since dimethyl sulfoxide showed no bacteriostasis or fungistasis and the 
analysis time was short, the probability of obtaining a better bacterial 
recovery is greatly increased by using the described method. 
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Abstract The axial and radial tensile strengths were compared to the 
hardness of compressed tablets containing various concentrations of 
lubricants. Since radial tensile strength measurement considers the 
thickness of a tablet, and only tensile stress and axial tensile strength 
express the strength in the direction in which capping may occur, the 
tensile strengths characterize the strength of a tablet more completely 


Although the strength of pharmaceutical tablets, which 
must be sufficient to withstand handling and shipment, 
may be expressed in a variety of ways, hardness (the force 
which, when applied diametrically to the tablet,, causes 
fracture) has been the most common expression of 
strength. Studies of various hardness testers have shown 


than hardness. 


Keyphrases 0 Tensile strength-axial and radial tensile strengths 
compared to  the hardness of compressed tablets 0 Tablets-axial and 
radial tensile strengths compared to the hardness of compressed tab- 
lets 


the variations in fracture strength to be due to inaccuracies 
of instrumental scale values, zero errors, variations in the 
method of application of the load, physical dimensions, 
and shape of the tablet (1-4). 


Although hardness has been a convenient and useful 
parameter for in-process control and quality assurance, it 
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after oral ingestion of a capsule and a sustained-release product. Their 
results indicated that the extent of absorption from the sustained-release 
product was almost twice that from a regular capsule. In addition, -98% 
of the sustained-release dose was absorbed compared to an intravenous 
dose. The latter value is unusually high and we are not aware of any study 
where an oral dose of ascorbic acid is virtually completely absorbed. 
Another discrepancy is that the ascorbic acid half-life was determined 
(27) to be -11 hr prior to saturation and 29 hr after saturation. These 
values are considerably greater than those reported for the half-life of 
the vitamin after exogenous administration (11,17,26,30). The reason 
for the substantial differences in half-life and availability from the 
timed-release products reported here and by Zetler et al. (27) is not 
known. 


The results of this study indicate that ascorbic acid absorption is in- 
complete after oral ingestion and that there is considerable intersubject 
variation in the extent of absorption. In addition, absorption of the vi- 
tamin is considerably less efficient from the timed-release capsule ex- 
amined here compared with the other oral forms. These findings have 
several implications. From a practical point of view, efficient oral therapy 
with the vitamin can be achieved by dissolving powdered ascorbic acid 
in water. In addition, for the specific manufacturers’ products examined 
in this study, tablets and chewable tablets appear comparable to a solu- 
tion of the vitamin. This conclusion may not apply to tablets made by 
all manufacturers but that can only be determined from the evaluation 
of other products in a manner used in the present study. The timed-re- 
lease capsule examined here appears to  be a more expensive and less re- 
liable means of providing oral vitamin therapy compared with other more 
conventional dosage forms. This conclusion may apply to similar dosage 
forms which attempt to delay or sustain the release of the vitamin; 
therefore, bioavailability studies for such forms are essential. 


A question that remains to be answered is to what extent does variation 
in ascorbic acid absorption influence the results of large-scale trials de- 
signed to examine the clinical effects of the vitamin? To the authors’ 
knowledge no consideration has been given to absorption as a parameter 
potentially influencing the findings of such studies. Investigators 
pursuing such trials should give some consideration to the possible in- 
fluence of variation in ascorbic acid absorption on clinical outcome. 
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Abstract 0 After electron impact in the mass spectrometer, 24,24-di- 
phenyl-23-ene derivatives of cholic acid ejected the 17-sidechain as an 
ionized 1,l-diphenyl-butadiene derivative, and the l2a-acetoxy group 
activated this loss. This contrasts markedly with the mass spectrometric 
fragmentation of typical sterols having unsaturated 17-sidechains that 
are also devoid of functionality on the C-ring. 


Keyphrases 0 Mass spectra-fragmentation of 24,24-diphenyl-23-ene 
derivatives of cholic acid Cholic acid-24,24-diphenyl-23-ene deriv- 
atives, fragmentation by mass spectra Derivatives-24,24-diphenyl- 
23-ene derivatives of cholic acid, mass spectral fragmentation 


During the course of other investigations (l), a number 
of 24,24-diphenyl-23-ene derivatives of cholic acid having 
structural similarities to known biologically active com- 


pounds were prepared. Since the Barbier-Wieland 17- 
sidechain degradation is used extensively in steroid-ter- 
penoid synthesis (2,3) and electron impact induced loss 
of the 17-sidechain is of both fundamental and diagnostic 
importance (4-6), the ,observations concerning mass 
spectral cleavage processes of the Barbier-Wieland mod- 
ified 17-sidechain of steroids and terpenoids are summa- 
rized. 


RESULTS AND DISCUSSION 


The preparation of the compounds in this study was unexceptional. 
However, isolation of pure diene (IVa-IVd) was difficult because un- 
reacted monoene was invariably present. Also, it is likely that E and 2 
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17-sidechain diene isomers may be coproducts, but this could not be 
verified experimentally. The propensity for acid catalyzed elimination 
of the 7a-acetoxy group as acetic acid for both the monoenes and dienes 
has been previously noted (1,3). Table I summarizes the mass spectral 
data for compounds I-VIII. 


Scheme I summarizes the characteristic fragmentations of 24,24-di- 
phenyl-23-ene derivatives of cholic acid. If no functionality exists on the 
C-ring of the monoene, then ion a ,  the ally1 carbocation (m/z 193), and 
ionized a,a-stilbene are the predominant ions observed in the mass 
spectra. The genesis of ion a was previously elucidated (4). Typical sterols 
having no B-ring or C-ring functionality and either a saturated or un- 
saturated 17-sidechain exhibit 17-sidechain and D-ring cleavage processes 
in which there is a drift of hydrogen atoms from the steroid skeleton to 
the departing neutral fragment (7). Placing functionality on the B- or 
C-rings (e.g., an 0x0 group at positions 6 or 12) reverses the direction of 
hydrogen atom drift so that hydrogen moves from the 17-sidechain 
toward the steroid skeleton. The former process results in increased 
unsaturation in the steroid framework and corresponding charge resi- 
dence in that unit upon scission, whereas the latter process produces 
increased unsaturation in the 17-sidechain unit and frequently results 
in greater charge residence in that fragment. Thus, ion a in Scheme I 
emanates from hydrogen migration to the 17-sidechain from the steroid 
skeleton followed by scission at the 17-20 bond; ion b emanates from 
hydrogen migration from the 17-sidechain to the steroid skeleton followed 
by 17-20 bond scission, where the reversal of hydrogen migration in the 
latter is induced by the presence of the 12a-acetoxy group. Otherwise, 
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the process not regulated by hydrogen migration, simple allylic scission 
(m/z 193 and ion c ) ,  appears to be relatively unaltered in 24,24-diphe- 
nyl-23-enes either possessing or not possessing C-ring functionalization 
by the 1%-acetoxy group. 


The specific mechanism for the genesis of ion a is presented in Scheme 
11. Charge localization on the olefinic 17-sidechain triggers site specific 
C-17 hydrogen transfer through a 5-membered ring to give the highly 
stable ion-radical e (4). The second itinerant hydrogen originated from 
positions C-12, C-14, and C-16 (4). Direct transfer of C-16 hydrogen to 
C-24 gives ion f which can undergo a 1,2-methyl shift to give iong. Simple 
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Table I-Partial Monoisotopic Mass Spectra (70 ev) of 24,24-Diphenyl-23-ene Derivatives of Cholic Acid 


Com- [M-CHzCH=CRz- [M-CH~CHCHZCH&HR~- 
pound [MI [ M-2CH3C02HI -f [ M - ~ C H ~ C O Z H ]  t [ M-CH~COZH] -f CH3C02H]+ CH3COzH]+ 


~~ ~ ~ 


476 (5) 
476 (3) 
490 (10) 
534 (4) 
604,602 (3,5) 
594 (2) 
520 (39) 
474 (5) 
474 (2) 


532 (32) 


474 (6) 


- 


- 


- 
- 


Ia 596 (1) 
Ib 596(1) 


536 (10) 
536 (8) 
550 (11) 


343 (3) 
357 (5) 
341 (7)“ 


- 
- 


474 (3) 
544,542 (2,3) 
534 (2) 
460 (14) 
- 


Ic 610(15) 
Id 654(3) 


IIa 724,722 (2,3) 
IIb 714 (6) 


I11 640(5) 
IVa 594 (8) 
IVb 594(6) 
IVc 550(44) 


594 (7) 
664,662 (4,6) 
654 (4) 
580 (18) 
534 (44) 
534 (3) 
490 (6) 
592 
476 (10) 
534 (19) 
520 (2) 
518 (3) 


- 
472 (6) - IVd 610 (13) 


V 536 (3) 
VI 594(14) 


VII 580 (3) 


313 (56)c 
311 (6) 
291 (6) 


341 (28) 
327 (29) 


CH3 
I 


Com- [M-CHzCH=CRz- [M-CH~CHCH~CHZCHRZ- [CHz=CHC= [CH&H=CH- [CH=CH- 
pound 2CH3COzH]+ 2CH3COzH]+ CHCH=CRz]? CH=CRz]+ CH=CRz]+ [CHzCH=CRz]+ 


246 (2) 220 (100) 205 (9) 193 (12) 
- - 193 (91) 


Ia 283 (4) 253 (6) 
Ib 283 (62) 253 (100) 246 (6) 
Ic 297 (54) - 246 (5) 220 (58) 205 (24) 193 (100) 
Id 281 (12)a - - 220 (100) 205 (1 4) 193 (22) 


IIa 281 ( l l ) a  - - 290,288 (64,100) 275,273 (2,3) 263,261 (12,18) 
IIb - - - 280 (41) 265 (7) 253 (100) 


206 (12)d 207 ( 100) - - I11 
IVa - - 24611)  220 (26) 20511)  193 (11) 
IVb - - 246 (55) 220 (62) 205 (22) 193 (15) 
IVC - - 246 ii5j 220 izoj 205 (14 193 (30) 
IVd - - 246 (23) 220 (34) 205 (25) 193 (16) 
v 283 (42)c 253 (100) 246 (11) 220 (12) 205 (5) 193 (96) 


VI 281 (100) 251 (18) - 220 (24) 205 (13) 193 (68) 
- 193 (22) VII - - 


VIII - - 246( 100) 22246)  205 (11) - 


Compound [CHz=CRz]t [R2CHl+ Miscellaneous Metastable Transitions 


IQ 
Ib 


Ic 


180 (4) 
180 (72) 


167 (3) - 191 (220 - 205) 
167 (21) 373 (1, [M- 423 (536 - 476j,233.5 (596 - 


CHsCHCHzCHzCHPh2]+), 373) 
314 (16) 


167 (22) - 574.5 (610 - 592). 515 (550 - 180 (84) 
532). 496 (612 -‘550) 
455’(490 4721,43615 (550 - 
4901,332 (610 - 443) 


488-90 (602,4 - 542,4), 259-61 
167 (12) 401 (1) 191 (220 - 205) 
237,235 (6, 10) 253, 255 (30, 10, [228, 290 - 


253.2551+) (288.90 - 273.5) 


Id 
IIa 


180 (7) 
- 


222-4 (288,90 253, 5) 
82 (253 - 145) 
466 (580 + 520), 407 (520 - 460) 


IIb 
I11 
IVa 
IVb 


240 ( 18) 
180 (20) 
- 
- 


227 (37) 145 (35) 
167 (12) 129 (43) 
167 (1 nni - \ _ _ _ ,  


255 (17, [m-2HOAc- 480 (594 - 534), 217 (246 - 
231 (13, [246-CH3]+) - 167) 
299 (20), 259 (12), 231 (12) 515 (550 - 5321,437 (550 - 490) 
550 (2), 490 ( 3 ) ,  365 (13), 305 575 (610 - 592), 478 (592 - 532) 
(7) 
521 (3), 461 (8),  115 (65) 446.5 (476 - 461), 506.5 (536 - 


521),68.5 (193 - 115) 


534). 444 (474 - 459). 421 (534 


167 (100) 


167 (100) 
167 (100) 


167 (23) 


167 (13) 115 (40) 504 (534 - 5191,480 (594 - 


CH3C=CHCH=CRz]+), 231), 191 (220 - 205), 113.5 (246 


IVc 
IVd 


V 


VI 


180 (24) 


180 (22) 


- 474) 
232 (341 - 281), 68.5 (193 + 


11.5) 
VII 


VIII 


180 (100) 


- 


- 


167 (57) 


357(17,[MXH3CHCHzCH&- 24?‘(357 - 297) 


231 (13,1246-CH~l+) 
HRz]+), 343 [lo] 


217 (246 - 231). 191 (220 - 
205). 113.5 (246 - 167) 


Add one more CH3C02H loss to column heading. * Replace one CHsC02H by HzO in column heading. Delete one CHBCO~H in column heading. Subtract or add 
a CH2 group to the column heading. 


scission of ion g leads to the allylic carbocation a’. Alternatively, a 1,2- 
methyl shift in ion e gives ion h where the tertiary radical a t  C-12 acti- 
vates a-hydrogens a t  both the C-12 and C-14 positions, and their transfer 
to C-24 followed by simple scission at 17-20 leads to allylic ions a” and 
a ” ,  respectively. An ion analogous to the m/z 180 ion was not observed, 
and no doubt its presence in the spectra of Ib, V, and VII results from the 


stabilizing effects of the phenyl groups. A 1,2-hydrogen shift from C-20 
to C-17 converts ion e into ion i, which can undergo simple scission to give 
olefin j and the mlz 180 ion. 


The introduction of a 12a-acetoxy group into the C-ring of 24,24- 
diphenyl-23-enes results in a dramatic alteration of their mass spectral 
breakdown and is emphasized by comparing the mass spectra of Ia uersus 
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phenyl  
I 


R 


* 


CH $O?*' 8 H O!CCH, 


[Id]', [IIa]', or [IIb]' 


R 
CH,-C, I 


k 


-CH,CO,H 


R 
I 


I 


b 


I J 


CH,CO," c$P H OnCCH, 


Scheme III 


Ib. By selectively labeling with acetate-d3, prior work demonstrated that 
in the consecutive loss of three acetic acid molecules from the molecular 
ion of methyl 3a,7a,l2a-triacetoxy-5~-cholan-23-oate, that the first loss 
of acetate comes from the l2a-acetoxy group, the second from the 7a-  
acetoxy, and the third from the 3n-acetoxy group (8). A plausible 
mechanism for the formation of l,l-biphenyl-1,3-butadiene ions ( b )  from 
the 17-sidechain in the mass spectra of Ia, Id, IIa, IIb, 111, and VI could 
involve prior elimination of acetic acid from the 12a-acetoxy group to 
produce an 11-12 double bond which then triggers this process. However, 
Dreiding models suggests that  it is sterically possible to transfer the ac- 
tivated (2-22 hydrogen directly to the 12a-acetoxy carbonyl (Scheme 111) 
through a nine-membered ring (an eight-membered ring for 111) to gen- 
erate the resonance stabilized ion k .  Precedence for long-range activated 
hydrogen transfer to the 12a-acetoxy group in other cholic acid deriva- 
tives after electron impact has been provided (9). Extrusion of acetate 
from ion k simultaneous to 1,2-methyl shift would produce the tertiary 
carbocation 1 which can decompose uia simple scission to give ion b. 


LOSS of the ally1 radical (.CHzCH=CRz) from the 17-sidechain was 
observed in all the monoenes and indicates that some charge localization 
occurs a t  the 12-17 bond. This is probably responsible for the 281 base 
peak in the mass specrum of VI, since the 8-14 double bond should ac- 
tivate ionization of this bond 


- mlz 401 
-CH,COzH 
___* mlz 341 


-CH3COzH - mlz 2811. 


[VI]' 


phenyl 


m/z  281 (100%) m/z  401 
Scheme IV 


Prior mass spectral work established that the dominant consecutive 
loss of one, two, and three acetic acid molecules from the 12a, 7n, and 
an-acetoxy groups of methyl cholate triacetate after electron impact led 
to increasingly more stable daughter ions since the relative intensities 
of the [M-CH~COZH]', [ M - ~ C H ~ C O Z H ] ~ ,  and [M-3CH&OrH]f ion 
peaks dramatically increased in that order (8). This observation per- 
mitted tracing of the probable movement of positive charge from the 
region of the D-ring to that of the A-ring. The fact that the mass spectral 
ions [M-CH&OzH]', [ M - ~ C H ~ C O Z H ] ~ ,  and [M-~CH~COZH]? are of low 
intensity and decrease in that order in relative intensity for Id, IIa, and 
IIb (Table I) provides evidence for extensive localization of charge on or 
near the 24,24-diphenyl-23-ene moiety. Since the critical energy for bond 
cleavage in a mass spectral ion is lower in the vicinity of positive charge 
and because there is a quasi-equilibrium fluctuation of excitation energy 
over the total charged molecule, it was observed that fragmentation in 
these compounds (I-VIII) is dominated by hydrogen migration and bond 
scission in the region of the 17-sidechaiq which is the site of charge lo- 
calization. 


Simple D-ring scission of dienes IVa to IVd and VIII led to an rn lz  246 
hexatriene ion of obvious stability. Metastable peaks (Table I) corre- 
sponding to the degradation of the mlz 246 ion to mlz 167 (m* 113.5) were 
observed in the spectra of IVb and VIII. A plausible mechanism (Scheme 
V) for the formation of the dominant m/z 167 ion involves an orbital 
symmetry allowed 1,5-hydrogen shift to form ion m which decomposes 


mlz 231 


phenyl  / 
pheny l  


m/z 246 


1.5-hydrogen 
shift 1 


phenyl  phenyl 7' 
12 


4 ; h e n y l  + C l p h e n y l  
\ 


m rnlz 167 
Scheme V 
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to m/z 167. The m/z 167 related ions in the spectra of the monoenes have 
a nominal relative abundance and no doubt have an alternate genesis. 


Unidirectional migration of two hydrogens from the unsubstituted C- 
and D-rings of the steroid skeleton to the unsaturated 17-sidechain where 
charge is initially localized precedes the loss of the 17-sidechain as a 
neutral radical. In the presence of a 12a-acetate group, this process is 
superseded by the migration of a hydrogen from the ion-radical con- 
taining 17-sidechain to the C-ring acetate substituted steroid system 
producing an ionized butadiene derivative. Simple scission fragmentation 
processes occurring near the site of charge localization and not involving 
hydrogen migration in steroid systems should be less affected (than 
processes involving hydrogen migration) by the presence of local ring 
substituents that do not significantly alter the charge distribution in the 
ion. 


EXPERIMENTAL 


IR data, reported in inverse centimeters (em-'), were obtained as 
chloroform solutions; 'H-NMR data', reported in ppm (6) from tetra- 
methylsilane, were obtained in chloroform-d. Mass spectra2 were ob- 
tained a t  an ionization voltage of 12 and 70 ev (Table I), source temper- 
ature of 180°, and a trap current of 10 pamp. 


Column chromatography was performed using silica gel3, and TLC was 
performed on silica gel H F z ~ ~ ~ .  The latter was usually developed with 4:l 
hexane-ethyl acetate. TLC was visualized by viewing under a UV lamp 
and charring by brief heating after spraying the TLC plate with 2% ceric 
sulfate in 2 N sulfuric acid. All reactions were monitored by TLC. In 
general, the dienes had slightly smaller Rf values than the corresponding 
monoenes and the deoxycholate analogs had larger Rf values than the 
corresponding chenodeoxycholate analogs. The order of decreasing Rf 
value for the monoenes coincided with the order of increasing electron 
density in the phenyl moiety; p-chlorophenyl I1 a (largest R f ) ,  diphenyl 
Id, and p-methoxyphenyl IIb (smallest R f ,  gives characteristic red color 
upon brief charring with ceric sulfate). 


The synthesis of compounds Ia, Ib, Id ,  IVb, V, VI, VII, and VIII have 
already been described (1,3,10). 


3a,7a-Diacetoxy- 12-0~0-24,24-dipheny1-5~-chol-23-ene( 1c)- 
Saponification of 3a,7a,121~-triacetoxy-24,24-diphenyl-5~-chol-23-ene 
(5 g) was achieved by heating a t  reflux with potassium hydroxide (10 g) 
and methanol (165 ml) for 2 hr. This was diluted with water and extracted 
with ether. The ether extract was washed with 5% HCI and concentrated 
on a rotary evaporator. The dry residue of trio1 (4 g) was selectively 
acetylated to the 3a,7n-diacetate by dissolving it in benzene (20 ml) and 
pyridine (5 ml) and reacting a t  room temperature with acetic anhydride 
(5 ml) for 12 hr. The isolated 3a,7a-diacetoxy-12tu-ol (4.2 g) was dissolved 
in acetone (150 ml), cooled on an ice bath, and oxidized dropwise with 
Jones reagent. Chromatography of the isolated 3a,7a-diacetoxy-12-one 
Ic yielded 83% of pure product: mp 186-188' (melts a t  115' and solidifies 
again and then melts at  186-188'); 'H-NMR: 6 7.23 (s, 10H, phenyl H), 
6.15 (t, lH ,  C-23), 4.97 (peak, IH, 7P-H),4.57 (hump, lH ,  3@-H), 2.00 (s, 
6H, 3a,7a-acetates), and 1.02 (s, 6H, C-18, and (2-19). 
3a,7a,l2a-Triacetoxy-24,24-di(p-chlorophenyl)-5~-cho1-23- 


ene(I1a)-A Grignard reagent of 4-bromochlorobenzene (45 g) and 
magnesium (5.8 g) was prepared in dry ether (100 ml). Methyl cholate 
(10 g) dissnlved in dry tetrahydrofuran (100 ml) was added dropwise to 
the Grignard reagent. After heating at reflux for 48 hr, the contents of 
the reaction were poured into ice (400 g) containing 36% HCI (70 ml), the 
organic layer was separated, and the aqueous phase was extracted with 
ether. The combined ether extracts were dried over anhydrous sodium 
sulfate and concentrated on a rotary evaporator to yield 15.7 g of crude 
tetraol. This tetraol was heated at  reflux in a mixture of acetic anhydride 
(50 ml) and acetic acid (100 ml) for 6 hr, and then the acetic acid/anhy- 
dride solvent was slowly distilled off until the volume was reduced to 30 
ml. The residue was steam distilled to remove the biphenyl side-product, 
and the isolated product was chromatographed through silica by gradient 
elution with hexane-ethyl acetate to yield 11 g of 1Ia:mp 180-182"; V,,, 
2960 (strong, C-H stret), 1730 and 1250 (strong, acetate), and 1590 (weak, 
olefin stret); 'H-NMR 6 6.94 (4 peak multiplet, 8 H, aromatic H), 4.53 
(hump, 1 H, 3P-H), 2.10 (s, 3H, 12n-acetate), 2.05 (s, 3H, 7a-acetate), 2.03 
(s, 3H, 3n-acetate), 0.92 (s, 3H, C-lo), and 0.73 (s, 3H, C-18). 


Varian, models A-60 and T-60. 
2 Nuclide 12-90-G single focusing instrument. 
3 MCH Grade 62 and E. Merck. 


phenyl  
I 


Ia: R, = H,, R, = ff-OAC, (3-H 
Ib: R, = CY-OAC, 0-H, R,H, 
Ic: R ,  = (Y-OAC, 0-H, R,O 
Id: R, = (Y-OAC, (3-H, R,&-OAc, 0-H 


IIu: R =p-ClC,H, 
IIb: R = p-CH,OC,H, 


111 


phenyl  
I 


IVa: R, = H,, R, = &-acetate, (3-H 
IVb: R,  = &-acetate, 0-H, H, 
IVc: R, = H,, 0 
IVd: R, = &-acetate, 0-H, &-OH, (3-H 


3a,7a,12a-Triacetoxy-24,24-di(p-methoxyphenyl)-5~-chol-23-ene 
(I1 b)-A solution of 4-methoxyphenylmagnesium bromide was prepared 
from p-bromophenol (100 g), magnesium (913 g), and dry tetrahydro- 
furan (300 ml). Methyl cholate (23 g) in dry benzene (150 ml) was added 
dropwise to the red-colored Grignard. After heating the reaction mixture 
a t  reflux for 24 hr, the reaction was halted, worked up, and purged of 
4,4'-bismethoxybiphenyl by steam distillation. The 60 g of carbinol 
product thus obtained was heated a t  reflux in acetic anhydride/acetic 
acid (1:2,400 ml) for 6 hr. Then the acetic anhydride/acetic acid solution 
was slowly distilled to a volume of 100 ml. The isolated product was col- 
umn chromatographed through silica gel to yield 36 g of a glassy solid 
which refused to crystallize but was pure by TLC: 'H-NMR 6 7.0 (m, 8H, 
phenyl H, 5.90 (t, l H ,  C-23), 5.05 (peak, l H ,  12/3-H), 4.98 (peak, lH,  
7@-H),4.54 (hump, lH,3P-H), 3.81 (s,3H,OCH3), 3.76 (s, 3H,OCH3), 
2.11 (s, 3H, 12a- acetate), 2.07 (s, 3H, 7a-acetate), 2.02 (s, 3H, 7a-acetate), 
0.92 (s, 3H, C-19), and 0.73 (s, 3H, C-18). 
3a,7a,l2a-Triacetoxy-23,23-diphenyl-24-nor-5~-chol-22-ene 


(111)-Methyl norcholate (2.0 g) dissolved in dry benzene (10 ml) was 
added dropwise to phenylmagnesium bromide (10 equivalents) in ether 
(25 ml), and tetrahydrofuran (10 ml). After heating at  reflux for 24 hr, 
the reaction mixture was poured into ice (100 g )  containing 36% HCI (5 
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phenyl 


V 


phenyl 
I 


VI 
phenyl 


VII 
phenyl 
I 


, w p h e n y i  


C H i C 0 2 y -  


VIII 


ml). This aqueous mixture was steam distilled to remove the biphenyl 
side product. The isolated carbinol(3.1 g) was heated at  reflux with acetic 
anhydride (26 ml) and acetic acid (52 ml) for 3 hr, and then the volume 
of the acetic anhydride/acetic acid was reduced to 20 ml by slow distil- 
lation. Column chromatography of the crude triacetate through silica gel 
with hexane-ethyl acetate yielded 1.8 g of desired product: mp 109-111'; 
'H-NMR 6 7.20 (s, 10H, phenyl H), 5.80 (d, J = 10 Hz, lH ,  C-22), 4.98 
(peak, lH,  12p-H), 4.88 (peak, lH,  7P-H), 4.53 (hump, lH,  3P-H), 2.15 
(s, 3H, 12a-acetate), 2.07 (s, 3H, 7a-acetate), 2.02 (s, 3H, 3a-acetate), 0.95 
(d, J = 6 Hz, 3H, C-20), 0.88 (s, 3H, C-19), and 0.52 (s, 3H, (2-18). 
3a,7a-Diacetoxy-12a-hydroxy-24,24-diphenyl-5~-chola-20(22), 


23-diene (IVd)-3a,7a,12a-Triacetoxy-24,24-diphenyl-5~-cho~a- 
20(22),23-diene was saponified and selectively acetylated to yield the title 
compound ( I V d )  after chromatography: mp 164-166'; 'H-NMR 6 7.28 
(s, IOH, phenyl H), 6.97 ( d , J  = 11 Hz, lH, C-23), 6.03 (d, J = 11 Hz, IH, 
C-22). 4.9 (peak, lH ,  7P-H), 4.53 (hump, lH,  3P-H), 3.60 (peak, IH, 
12P-H), 2.03 (s, 3H, 7a-acetate), 2.02 (s, 3H, 3a-acetate), 1.95 (s, 3H, 
C-21), 0.92 (s,3H, C-19), and 0.56 (s, 3H, C-18). 


3a- Ace toxy-12-oxo-24,24-diphenyl-5j3-chola-20( 22),23-diene 
(1Vc)-Monoene Ia was synthesized by a published method ['H-NMR 
6 7.18 (s, 10H, phenyl H), 6.06 (t, lH,  C-23),5.06 (peak lH,  12@-H),4.67 
(hump, lH,  3P-H), 2.07 (s, 3H, 12a-acetate), 2.01 (s, 3H, 3a-acetate), 0.91 
(s, 3H, C-19), and 0.72 (s, 3H, C-18)]. The volume of a mixture of monoene 
l a  (10.5 g) and carbon tetrachloride (400 ml) was reduced to 300 ml by 
distillation, N-bromosuccinimide (4.1 g) was added, and the mixture was 
photolyzed with a sun lamp (100 watts)while heating a t  reflux for 1 hr. 
The resulting mixture was filtered and heated at  reflux for an additional 
3 hr to complete the hydrogen bromide elimination. Column chroma- 


tography of the crude product through silica gel by gradient elution with 
hexane-ethyl acetate yielded 10 g of material that contained some un- 
reacted monoene (<lo% by NMR) but mainly comprised of diene IVa: 
'H-NMR 6 7.22 (s, 10H, phenyl H), 6.88 (d, J = 11 Hz, lH,  C-23), 5.92 
(d, J = 11 Hz, lH,  C-22), 4.82 (peak, IH, 7/3-H), 4.57 (hump, lH,3P-H), 
2.14 (s, 3H, 7a-acetate), 2.02 (s, 3H, 3a-acetate), 1.92 (s, 3H, C-23),0.90 
(s, 3H, C-191, and 0.60 (s, 3H; C-18). Saponification of IVa was achieved 
by heating at  reflux with potassium hydroxide (10 g) and methanol (200 
ml) for 3 hr. The reaction mixture was poured into ice (600 g) and the solid 
was collected by filtration. The dry solid was selectively acetylated by 
reacting with acetic anhydride (25 ml) and pyridine (25 ml) in benzene 
(125 ml) for 24 hr. Column chromatography produced 8 g of 3a-ace- 
toxy-12a-hydroxy-24,24-diphenyl-5~-chola-20(22),23-diene: 'H-NMR 
6 7.30 (s, IOH, phenyl H), 6.98 (d, J = 11 Hz, lH,  C-23), 6.05 (d, J = 11 
Hz, lH,  C-22),4.75 (hump, lH,  3P-H), 3.78 (peak, lH,  12P-H), 2.02 (5, 


3H, 3a-acetate), 1.97 (s, 3H, C-21), 0.93 (9, 3H, C-19), and 0.57 (s, 3H, 
C-18). Jones oxidation of this product was carried out in cold (5') acetone 
(800 ml) to yield 4.0 g of IVc: mp 190-192'; U,, 1730 and 1240 (acetate), 
1705 (12-0x01, and 1630 cm-I (weak C = C  stret); 'H-NMR 6 7.23 (s, 10H, 
phenyl H), 6.90 (d, J = 11 Hz, lH,  C-23), 6.04 (d, J = 11 Hz, IH, C-22), 
4.67 (hump, lH ,  3&H), 1.99 (s, 6H, 3a-acetate and C-20), 1.01 (s, 3H, 
C-18), and 0.88 (s, 3H, C-19). 


Also, 0.8 g of 3,12-dioxo-24,24-diphenyl-5~-chola-20(22),23-diene 
['H-NMR 6 7.28 (s, 10H, phenyl H), 6.94 (d, J = 11 Hz, lH,  C-23), 6.07 
(d, J = 11 Hz, lH,  C-22), 2.02 (s, 3H, C-211, 1.10 (s,3H, C-lS), and0.92 
(s, 3H, C-19)], and 1.2 g of 3a-acetoxy-12-oxo-5@-pregnan-20-one ['H- 
NMR 6 4.68 (hump, lH,  3/3-H), 3.32 (t, lH,  17a-H), 2.25 (s, 3H, C-21), 
2.00 (s, 3H, 3a-acetate), 1.03 (s, 3H, C-18), and 0.95 (s, 3H, C-19)] were 
obtained. 
3a,12a-Diacetoxy-24,24-diphenyl-5~-chol-23-ene (la)-The 


synthesis of Ia has been described (10); mass spectrum (12 ev), mlz (%): 
596 (1, [MI?), 536 (11, [M-CH&02H]?), 476 (5, [M-2CH3C02H]?), 461 
(1, [M-2CH3C02H-CH3]+), 283 (6, [M-2CH3C02H-C15Hla]+), 256 (9,' 
(M-CH3C02H-C14H12]+), 246[3], 220 (100, [Ci5Hi3]+), 205 (10, [220- 
CH31+)*, 193 (10, [ClsH131+), 180 (5, [ C I ~ H I Z I ~ ) ,  and 167 (3, 
[Ci3HiiI+). 
3a,7a-Diacetoxy-24,24-diphenyl-5B-chol-23-ene (I b) (1)-Mass 


spectrum (12 ev), mlz (%): 569 (1, [MI?), 536 (7, [M-CH~COZH]'), 476 
(3, [M-2CH3C02H]?), 343 (5, [M-CH~CO~H-C~SH~~]+) ,  314[28], 313 (23, 
[ M - C H ~ C O ~ H - C ~ ~ H I ~ ] + ) ,  253 (100, [ M - ~ C H ~ C O Z H - C I ~ H ~ ~ ~ + ) ,  193 (33, 
[C15H131+), 180 (56, [C14H121+), and 149 (731. 
3/3-Acetoxy-24,24-diphenyl-5a-lanost-23-ene (VI1)-Mass spec- 


trum (12 ev), mlz (%): 580 (2, (MI?), 565 (1, [M-CH3]+). 387 (2, [M- 
C&i3]+), 357 (36, lM-C17Hi91+), 343[15], 327 (33, [M-Ci5Hi3- 
CH3C02H]+), 297 (6, [ M - C ~ ~ H I ~ - C H ~ C O ~ H ] + ) ,  283[3], 259[2], 231131, 
222[15], 217[15],193 (22, [C15H131+), 180 (100, [C14H12]+), 163[5], 149[4], 
135[4], and 122[5]. 
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accepted model compound of a vasodilator acting through cyclic AMP 
phosphodiesterase inhibition (29,30), and isoproterenol has been shown 
to elevate cyclic AMP levels through stimulation of adenylate cyclase. 
It is clear that elevated intracellular cyclic AMP levels can lead to vaso- 
dilation and that compounds that interact with either the a-adrenergic 
receptor or cyclic AMP phosphodiesterase may be potential vasodila- 
tors. 


The presence of calcium is a necessary component of smooth muscle 
contraction. Several workers showed that agents that normally contract 
vascular smooth muscle in uitro cannot cause contraction when calcium 
is omitted from the incubation or when calcium accumulation into the 
tissue is blocked. Therefore, agents capable of inhibiting calcium accu- 
mulation (e.g. flunarizine) may act by preventing vasoconstriction and 
result in a net vasodilation in uivo (31). 


It is not certain how directly the results using biochemical screening 
models can be extrapolated to in uiuo conditions involving vascular 
smooth muscle. However, several general findings provide a basis for 
further experimentation and future working hypotheses. 


Vasodilators must be considered a heterogeneous drug class. For ex- 
ample, from a therapeutic point of view, vasodilators used in the treat- 
ment of hypertension and peripheral vascular disease require different 
pharmacological properties. In the treatment of peripheral vascular 
disease, reduction of blood pressure is undesirable, whereas it is obviously 
a criterion for vasodilators used in hypertension (1). The optimal re- 
quirements for peripheral and cerebral vasodilators may also differ. 


The actions of vasodilators clearly involve heterogeneous physiological 
and biochemical mechanisms related to smooth muscle contractility. I t  
is proposed that both the therapeutic utility and side-effect pattern of 
a vasodilator will depend on the specific profile of the excitation-con- 
traction coupling mechanisms altered by the drug. Additional research 
on this series of drugs and on future compounds will provide more specific 
criteria for classifying vasodilator drugs. 
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Abstract D The dose-dependent disposition of extruded multilamellar 
(diameter -1 pm) negatively charged liposomes containing entrapped 
[14C]inulin was studied in mice. Mice received 1500, 300, or 15 pmoles 
of liposomal lipid/kg iv. Carbon 14 levels were measured in the blood, 
liver, spleen, and carcass for 72 hr. A pronounced saturation effect, con- 
sistent with the known dose behavior of other colloids, was seen a t  early 
times; it was manifested by higher dose values in the blood and spleen 
but by lower liver values as the dose increased. This dose effect was at- 
tenuated in the liver but was maintained in the spleen a t  later times, and 
percent dose values approached plateau values in all tissues for all doses 
a t  later times. [14C]Inulin was used as the liposomal marker because of 
its inability to enter cells (or, presumably, leave them if delivered there 


by liposomes) in its free form. An early decline in carbon 14 levels (over 
the first 48 hr) was seen in the liver for the low and medium doses. Be- 
cause of the known ability of blood factors t~ cause liposomes to leak their 
contents, this decline was interpreted as being a loss of [14C]inulin from 
extracellularly bound liposomes during this period. Moreover, the plateau 
carbon 14 levels at  later times were interpreted as approximating the true 
level of intracellular inulin delivery by the liposomes. 


Keyphrases 0 Liposomes-disposition i n  uiuo, dose dependency 0 
Disposition-of liposomes, dose dependency 0 Pharmacokinetics- 
liposome disposition in uiuo, dose dependency 


Recently, there has been considerable interest in lipo- 
somes (phospholipid vesicles) as an in uiuo drug delivery 
system. There are now ample data showing that liposome 


encapsulation can drastically alter the blood kinetics and 
tissue distribution of numerous compounds. Their po- 
tential uses in drug therapy, which were recently reviewed 
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(1,2),  are a direct result of these kinetic properties. 


BACKGROUND 


When the fate of intravenously administered liposomes is followed 
(e.g. ,  oia an entrapped aqueous space marker), the marker (and pre- 
sumably the liposomes) accumulate to a significant extent in organs that 
contain cells of the reticuloendothelial system. This accumulation occurs 
principally in the liver and spleen where, depending on the liposome type, 
animal species, and postadministration time, up to 90% of the injected 
dose of the marker may be found. 


The significance of this reticuloendot,helial localization was noted by 
other investigators (3). The reticuloendothelial system is a diffuse system 
with cells positioned along the vasculature in the liver, spleen, and bone 
marrow, in the lung alveoli, and in the tissue interstices. One of its 
functions is to phagocytize colloidal and particulate material such as 
effete red blood cells, denatured proteins, cellular debris, foreign or- 
ganisms, and exogenously administered substances such as colloidal 
carbon or gold (the term “colloid” can arbitrarily encompass suspensions 
with particle sizes ranging from 10 A to several microns). 


An extensive literature exists on the in uiuo fate of these “inert”co1loids 
(e.g., carbon and gold) (4). After intravenous administration, they are 
taken up primarily by reticuloendothelial cells in the liver and spleen by 
a two-step process, first involving binding to the cell and then phagocy- 
tosis; the latter step is presumed to take place quickly after the binding 
(5). In fact, this assumption is made whenever the blood disappearance 
rate of one of these colloids is used as a general indicator of reticulo- 
endothelial system function (4). This dose-dependent process exhibits 
saturability in two respects. First, as the dose (i.e., number of particles) 
is increased, the rate of colloid removal from the blood is decreased (6). 
Second, the tissue distribution changes with the dose (5). At very low, 
nonsaturating doses, for which blood flow to the reticuloendothelial 
tissues is the rate-limiting factor in the removal of the colloid from the 
blood, 95% or more of the colloid dose is taken up by the liver and the rest 
by the spleen. As the dose increases, the spleen takes up an increasingly 
larger fraction of the dose due to the saturation of the liver uptake. At 
extremely high doses, the lung and bone marrow can take up significant 
fractions also, in what amounts to a system-wide mobilization in response 
to a saturating dose (7). 


Because liposomes are colloidal, and because of their well-documented 
reticuloendothelial system localization, it is reasonable to expect them 
to behave similarly to other colloids. The present study examined the 
possible dose dependency of liposome blood kinetics and tissue distri- 
bution. Other researchers reported limited evidence that suggests that 
liposome disposition may be dose dependent (8-10). The possibility of 
a time dependence in the dose effect was examined in the present study 
by following blood and tissue levels for 72 hr. An appropriate liposome 
marker, [14C]inulin, was used to assess the extent to which the liposomes 
delivered their entrapped contents intracellularly. 


EXPERIMENTAL 
Chemicals-Purified egg yolk lecithin, sodium dipalmitoyl phos- 


phatidate, cholesterol, and a-tocopherol (vitamin E) were chromato- 
graphic.grade’. [Carbo~y-’~C]inulin~ was 2.3 pCi/mg, and scintillation 
reagents3v4 were used. All other chemicals were analytical reagent grade 
or better. Phosphate-buffered saline (I) contained 92 mM sodium chlo- 
ride, 23 mM dibasic sodium phosphate, and 11 mM monobasic sodium 
phosphate. Prior to use, phosphatidic acid was obtained by chloroform 
extraction of a solution of sodium phosphatidate in 0.4 N HCl with 20% 
methanol. 


Preparation of Liposomes-Liposomes were prepared essentially 
as previously described (10) and were composed of egg lecithin, phos- 
phatidic acid, cholesterol, and a-tocopherol in the molar ratios 4:1:1:0.05. 
The lipids were dissolved in chloroform, mixed in a round-bottom flask, 
and subsequently evaporated to dryness under vacuum. The buffer (I) 
containing 5 mM [14C]inulin was added to the dried lipid to give a con- 
centration of 37.5 pmoles of lipid/ml and then was agitated by hand (at 
room temperature after nitrogen sparging) until all of the lipid was sus- 
pended. This suspension was then placed in a 25-mm stirred ultrafil- 
tration cell5 fitted with a 1.0-pm pore size polycarbonate memhrane6 and 


~ ~~ ~ ~~ 


Sigma Chemical Co., St. Louis, Mo. * New England Nuclear, Boston, Mass. 
Carbosorb and Permafluor V, Packard Instrument Co., Downer’s Grove, Ill 
PCS, Amersham, Arlington Heights, I l l .  
Millipore, Bedford, Mass. 
Nucleopore, Pleasanton, Calif. 


w 
2 


’Z 0 


U 


Q 


1 24 48 72 
HOURS 


Figure 1-Percent of injected carbon 14 dose in the liver for low (a), 
medium (a), and high (I) doses a t  four times [mean f 1 SD (n = 3, 
10, and 4 for low, medium, and high doses, respectiuely)]. Equality o f  
low and high doses was tested, and the differences between doses were 
statistically significant at 1 and 24 hr but not at 48 and 72 hr (one-tailed 
unpaired t test, (Y 0.05). 


extruded twice a t  a flow rate of -10 ml/min, controlled by nitrogen 
pressure. 


Liposomes for the high dose were concentrated by adding 0.3 ml of 50% 
(w/v) sucrose to 1.1 ml of liposomes, centrifuging at  12,000 X g for 15 min, 
removing the upper concentrated liposome layer, and resuspending it 
in I to give a final concentration of 112.5 Fmoles of lipid/ml. Liposomes 
were dialyzed overnight at 5’ against I in dialysis cells fitted with 0.8-pm 
pore size membranes6 to remove nonentrapped inulin and to improve 
the size distribution by removing the smallest liposomes (11). At least 
10 buffer changes were done for each cell during the dialysis. 


Tissue Distribution Studies-Liposomes were taken off dialysis and 
kept a t  5’ throughout the injection period. Male ICR mice, 18-24 g, were 
injected with 37.5,7.5, or 0.375 pmoles of lipid/mouse (high, medium, and 
low doses, respectively) intravenously via the tail vein with 0.25-0.35-ml 
injection volumes. Mice receiving imperfect injections were not used. T o  
determine the percentage of free inulin in each dose, a sample was applied 
to  a 5 X 120-mm column of Sephadex7 G-200-120 equilibrated and sub- 
sequently eluted with I; the eluate fractions were analyzed by scintillation 
counting, and the percent of inulin entrapped was calculated based on 
the carbon 14 recovered in the void volume and free inulin fractions. 


Mice were anesthetized with ether a t  1,24,48, or 72 hr after injection, 
and 4.5-1.0 ml of blood was quickly removed from the jugular vein with 
a heparinized syringe. The mice were then sacrificed; the livers, spleens 
(and, in some instances, the brain, kidneys, and lungs) were removed and 
frozen for later analysis. In some cases, an aliquot of the blood was cen- 
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Figure 2-Percent of injected carbon 14 dose in the spleen for lour (o), 
medium fm), and high (I) doses a t  four times [mean f I SD (n = 3, 
10, and 4 for low, medium, and high doses, respectively)]. Equality of 
low and high doses was tested, and the differences between doses were 
statistically significant at all time points (one-tailed unpaired t tes t ,  
N 0.05). 


Pharmacia Fine Chemicals, Sweden. 
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Table I-Dataa for Various Organs at 1 hr after Liposome Doses 


Blood Levels, percent dose/ Percent Entrapped 
Dose 1.0 ml (Ref.) in Blood Lungs Kidneys Brain 


Low 


Medium 


High 


0.39 f 0.1 
(3) 


(9) 
10.4 f 1.1 


(4) 


1.1 f 0.71 


b 


10.1 f 2.0 
(3) 


93,95 


- - 0.09 


0.23 f 0.04 0.825 f 0.28 0.095,0.18 
(4) 


0.75,0.97 - 
(4) 
- 


a Percent dose: mean f 1 SD ( n ) ,  or individual values where n 5 2. Blood values were too low to measure. 


trifuged and a plasma sample was applied to a Sephadex column as de- 
scribed previously to determine the percent entrapped. 


Tissue Analysis for Total Radioactivity-Duplicate aliquots of liver 
(0.14-0.24 g), spleen (0.04-0.08 g), whole blood (0.2 ml), and the radio- 
labeled liposome dose (0.05 ml) were transferred to preweighed com- 
bustion cups, which were reweighed and then allowed to air dry. The 
remaining carcass was placed in a container with 75 ml of water and ho- 
mogenized using a wet milling devices. Duplicate samples of the resulting 
slurry (1.3-2.0 g) were weighed into combustion cups and allowed to air 
dry for 24 hr. Dried samples were analyzed for total carbon 14 by scin- 
tillation counting following combustion in a sample oxidizer9. 


Combustions were carried out in series, samples alternating with empty 
combustion cups or combustion cups containing a known amount of 
[14C]inulin. Counts per minute were subsequently corrected for variations 
in quench by use of a quench curve. Results for duplicate samples were 
averaged, and the total radioactivity in the liver, spleen, carcass, and 1.0 
ml of blood was calculated and converted to percent dose. Analysis of 
experimental samples and control samples of known radioactivity showed 
that the duplicate determinations were consistently within 5% of their 
mean. 
In Vivo Clearance of Free Inulin-In a separate study, similar doses 


of [“%]inulin in identical volumes of I were administered to mice, which 
were subsequently sacrificed and analyzed as described to determine the 
in uiuo clearance of free inulin. 


RESULTS 


Free inulin was cleared rapidly by the kidney. Its half-life in blood after 
intravenous injection was 10-15 min, with 0.5% of the dose remaining in 
blood, 2.5% in the liver, and 0.15% in the spleen at  1 hr. Carcass values 
at 1 hr averaged 6.9%, due presumably to residual inulin in the bladder; 
this value was minimized by urine removal from the bladder prior to 
freezing the carcass. The 24-hr value for the carcass was <1%. Thus, the 
presence of free inulin after the liposome doses may have contributed 
slightly to the 1-hr carcass data but was negligible a t  later times and in 
all other tissues. 


Table I shows the 1-hr carbon 14 levels for various organs and blood, 
as well as the percent entrapped in blood, following the liposome doses. 


60 I 
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Figure 3-Percent of injected carbon 14 dose in the carcass. Significant 
differences between doses were found at 24 and 48 hr  but not at 1 and’ 
72 hr (symbols and other details as in Fig. 1). 


8 Brunwell Scientific, Rochester, N.Y. 
Packard Instrument Co., Downer’s Grove, Ill. 


Blood values, expressed as percent dose per 1.0 ml, exhibited a definite 
dose dependency; the values at 24,48, and 72 hr were identical to back- 
ground in all cases. Lung, brain, and kidney levels, done only in limited 
cases as controls, were negligible. 


The other principal tissues of interest are the liver, spleen, and carcass. 
Figure 1 shows the results for the liver; a definite dose effect, seen as 
higher relative levels for the lower doses, is shown at the 1-hr time point. 
This effect completely diminished by 72 hr, and a similar plateau was 
approached by all three doses. The spleen results (Fig. 2) also showed a 
dose dependency but one that differed from that in the liver; the effect 
was maintained over the 72 hr, and higher relative levels were seen as the 
dose was increased. The carcass results (Fig. 3), show evidence of a dose 
effect at later time, which was significant at the 24- and 48-hr time points; 
the levels fell rapidly after 1 hr and reached a plateau. Figure 4 shows the 
results for the totals in uiuo; here there is no evidence for a dose effect, 
and all values approach a similar plateaulo. 


The reproducibility of the radioactivity measurements was also as- 
sessed. The average percent difference between duplicate samples was 
6.07%, with a standard deviation of 4.23%. 


DISCUSSION 


The results can best be evaluated by comparison with the results one 
would expect for inert colloids and for liposomes (based on certain pre- 
conceived notions). Figure 5 depicts these expected dose study results. 
Curves A and B are plots of percent of injected dose found in all reticu- 
loendothelial tissues uersus time for low and high doses, respectively, of 
a colloid such as gold. The delayed uptake for the higher dose reflects the 
saturation phenomenon already mentioned. In both cases, however, all 
of the dose is eventually found in reticuloendothelial tissues. 


The liposome case is different for two important reasons. First, it is 
now well known that certain factors in blood can destabilize liposomes 
with respect to the leaking out of their entrapped contents (13,14). When 
this “leakiness” effect occurs, a significant portion of the entrapped 
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Figure 4-Percent of injected carbon 14 dose found in vivoat four times. 
No evidence for a dose effect  was seen here (symbols and  other details 
as in Fig. 1) .  


10 In a subsequent series of studies, the mole fraction of cholesterol in the lipo- 
somes was increased to 50%, which results in liposomes with substantially increased 
stability in plasma (12). Following the same protocol used here and using liposome 
of the same size and dose, the total percent dose in riuo at 1 hr was 105 (SD f 1370, 
n = 5); eventual plateau levels in liver and spleen were approached more slowly than 
in these studies. 
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marker can be released quickly into the blood, resulting in a <loo% dis- 
tribution of the marker to reticuloendothelial tissues. 


The second reason is more important as far as evaluating liposome 
tissue distribution and concerns the nature of the entrapped marker. 
Most compounds that have been entrapped in liposomes have physical 
properties that  preclude their use as accurate indicators of intracellular 
delivery by liposomes because these compounds are often capable of 
entering and leaving the target cells on their own or are metabolized to 
compounds that can. The resulting situation is depicted in curve E of Fig. 
5, in which the tissue levels rise and fall with time due to the exit of the 
marker. This pattern has, in fact, been almost universally observed when 
tissue levels have been taken after administration of liposome-entrapped 
compounds. 


The principal disadvantage with such data is that  it is impossible to 
ascertain what fraction of the dose was delivered to the tissue in question. 
It was felt, however, that these data could be gotten using the appropriate 
entrapped marker. [14C]Inulin was chosen because its size and polarity 
prevent it from entering cells on its own (or leaving, if it is delivered there 
via liposomes). It also has simple kinetics and is not metabolized. In short, 
it is a marker compound that should remain in the tissue to which it is 
delivered. The result should be tissue levels that  reach plateaus a t  later 
times but, because of the leakiness effect, approach values of <loo%. This 
situation is depicted for two different doses in curves C and D of Fig. 
5. 


The results of this study lead to several general conclusions. In all of 
the principal tissues studied (liver, spleen, carcass, totals in uioo) and for 
all doses, the levels approach plateaus a t  later times. This evidence su- 
ports the hypothesis that  tissue level plateaus would be seen with a 
marker compound such as inulin; an argument will be presented later as 
to why these plateaus approximate the true level of intracellular delivery 
of the inulin by the liposomes. Furthermore, there is a pronounced dose 
effect a t  early times that is lost (in the liver) a t  the later times. This dose 
effect is consistent with that seen for other colloids such as carbon or gold; 
i.e., the liposomes are subject to saturation kinetics, manifested by ele- 
vated relative blood and spleen levels and depressed relative liver levels 
as the dose increases. 


As is the case for other colloids, the liver is the dominant organ in 
liposome disposition; because of its large blood flow and high clearance 
capacity relative to the other vascular reticuloendothelial tissues (i.e., 
spleen and bone marrow), the extent to which the liver disposition of the 
liposomes is saturated determines the amount of colloid that is taken up 
by the other tissues. In other words, a delayed liver uptake results in el- 
evated blood levels over a longer time, allowing the spleen, which is 
thought to have a higher cellular intrinsic activity for colloid uptake (4), 
to sequester a large fraction of the injected dose. The carcass values re- 
ported here (i.e., everything but blood, liver, and spleen) include the bone 
marrow, and perhaps the slight dose effect seen in the carcass is due to 
uptake by the marrow. 


These results also raise some intriguing questions. It is obvious that 
the data for the liver do not fit the predictions as depicted by curves C 
and D of Fig. 5. Only the high dose data fit the expected pattern of a 
continuous rise of the tissue levels to the eventual plateau. However, the 
data for the low and medium doses show a pattern with an early decline 
in levels followed by the plateau. Such a decline can be accounted for in 
only two ways. 


First, a fraction of the marker that has been delivered to the cells at 
early times somehow partitions out of the cells a t  later times. However, 
the assumption was made earlier that the inulin marker, once delivered 
inside cells, would not partition out. The second explanation is that  the 
marker levels in the liver a t  early times are not entirely constituted of 
intracellular inulin. Since the blood levels a t  1 hr are very low for these 
two doses and since the half-life for removal of free inulin from the blood 
is very fast, a significant fraction of the inulin in the liver a t  1 hour must 
be located in extracellularly bound liposomes. 


I t  is the hypothesis of the present study that the following events occur 
in the liver disposition of the liposomes. If one postulates the presence 
of extracellularly bound liposomes, one must contend with the long-held 
belief that for colloids, removal from the blood can be considered the 
equivalent of intracellular uptake (i.e., uptake occurs rapidly after 
binding). Data are available that show that these two phases of uptake 
are separable under specialized conditions in oitro (15), but only recently 
has evidence been reported that unambiguously shows that, in viuo, a 
colloid’s binding to and uptake into Kuppfer cells can be very distinct 
events, separated by long periods of time (16,17). In fact, Kavet and Brain 
(18), in their recent review on the quantification of endocytosis, em- 
phasized that ‘‘. . . ingestion is not a necessary consequence of attachment. 
Thus, particles may become cell-associated without being interiorized 
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Figure 5-Expected results for a plot of percent dose in  reticuloendo- 
thelial time after intravenous administration of two different doses of 
colloidal gold (curves A and B), two different doses of liposome-en- 
trapped [14C]inulin (curves C and D), or a liposome-entrapped marker 
that can partition out of cells (curve E). These curves assume that cel- 
lular uptake of colloid occurs rapidly after binding to the tissue. 
and unless detected as such may be falsely included with the intracellular 
compartment.” 


This fact is crucial in the case of liposomes since it is very likely that 
extracellularly bound liposomes are just as susceptible to the destabilizing 
influences of blood as are free-floating liposomes. Thus, what is suggested 
is that: (a) tissue levels measured after administration of a liposome- 
entrapped marker may include substantial levels of extracellularly bound, 
liposome-entrapped marker, even several hours after the dose is given, 
and (b) these tissue levels may decline because of the slow release of 
marker from extracellular liposomes due to the destabilizing effect of 
blood. 


One final piece of evidence must be considered, however, to explain 
completely the disposition of the three doses. Recent evidence suggests 
that  the blood destabilizing effect may itself be saturable (13,14); i.e., 
as larger numbers of liposomes are incubated with a given volume of 
blood, a smaller fraction of the total liposome-entrapped marker is re- 
leased. The liver data are thus explained as follows. In the low dose case, 
the liver quickly binds most of the liposome-entrapped insulin dose (part 
of the inulin is released from the liposomes on the initial mixing of the 
dose with the blood so that the initial liver value is probably <loo% of 
the dose). However, because the intracellular uptake is slow, the bound 
liposomes continue to release inulin until they are taken up inside the 
cells. Thus, what is seen is a decline in liver levels over time until the re- 
maining inulin is entirely intracellular and the plateau is reached”. 


In the high dose case, the initial liver binding is saturated so the relative 
liver levels (i.e., on a percent dose basis) are low and blood levels are high. 
Thus, the levels of extracellular liposomes (circulating and bound) remain 
elevated for longer periods and are exposed to the blood’s destabilizing 
factors longer. However, since this latter system is probably also saturated 
[it was calculated that the ratio of milligrams of lipid to milliliters of blood 
is similar to that causing saturation in in vitro systems (12)], the lipo- 
somes leak their contents a t  a relatively much slower rate. The net result 
is that  the slowing down of the two processes of uptake (a combination 
of binding and endocytosis) and blood-induced liposome leakiness are 
offsetting effects. Thus, at  later times the relative amount of inulin taken 
up inside cells is similar for the two doses (the medium dose is apparently 
an intermediate effect). 


As mentioned previously, the dose behavior of the spleen conforms to 
the present expectations in that higher relative levels are seen as the dose 
increases. However, this effect, unlike that in the liver, is still evident a t  
72 hr. Two factors may be responsible: ( a )  the amount of colloid available 
to the spleen initially is largely a function of the amount bound by the 
liver, and ( b )  the actual intracellular uptake may be faster ip the spleen 
so that most of what was initially bound there was also endocytosed. The 
carbon 14 levels in several other tissues (brain, lungs, and kidneys) were 
also measured (Table I). However, since the initial experiments indicated 


~ ~~ 


I’  The composition of the liposomes used here was selected because of its inter- 
mediate stability in plasma (10, 14). It was conjectured that liposomes without 
cholesterol would rapidly lose a large fraction of their contents after injection, 
whereas maximally stable liposomes may result in tissue levels of carbon 14 that 
decline too slowly to confirm a specific final plateau level. 
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that  very little of the dose could be found in these tissues, they were not 
analyzed routinely. 


The liposomes used were fairly large in size (average size -1 pm) and 
had a relatively narrow size distribution. This was accomplished by the 
use of two techniques in the sizing procedure, extrusion through 1.0-fim 
pore-size membranes (19) followed by dialysis against 0.8-pm membranes 
(11). I t  was felt that the excellent reproducibility seen in the tissue levels 
(the high dose studies were done on two separate occasions, and the 
medium dose study on three) was evidence of the liposome batch-to-batch 
reproducibility that these sizing techniques afford. The lipid composition 
used in the study was chosen based on in uitro liposome-plasma stability 
studies (14). The object was to choose a composition such that the lipo- 
somes were stable enough to retain most of their entrapped contents in 
uiuo, yet unstable enough so that if significant long-term extracellular 
liposome tissue binding did take place, the marker would be released in 
a reasonable period (-72 hr) and thus would not be included as part of 
a plateau tissue level value. The decline in liver levels for the low and 
medium doses took place over the first 24-36 hr, which was fast enough 
to allow observation of the plateaus by 72 hr. 


CONCLUSIONS 


The results of this study have several general implications. First, it is 
obvious that the liposomal dose (or liposome number) is an extremely 
important determinant of in uiuo disposition. I t  is unfortunate that in 
uiuo work is still appearing in which the liposome dose is not given and 
is difficult or impossible to determine from the other details given [the 
dose in terms of micromoles of lipid/kg of body weight is currently ac- 
ceptable, but the ideal would be the additional specification of liposome 
size and number (20)]. 


Second, the present data suggest that, after administration of a lipo- 
some-entrapped marker, a significant fraction of the marker may be lo- 
cated in extracellularly bound liposomes for long periods. Therefore, a 
general reinterpretation of the significance of tissue levels for most 
compounds administered in liposomes is needed. Specifically, tissue levels 
cannot be taken as an indicator of the intracellular delivery of the en- 
trapped compound by the liposomes. 


The present data suggest, however, that  tissue level plateaus after 
administration of a liposome-entrapped compound such as inulin may 
be a valid indicator of intracellular delivery. This would be important 
for several reasons. It is necessary information for potential entrapped 
compounds so large or polar that  their cellular uptake in the free form 
is zero. Moreover, for compounds that can penetrate cells to a limited 
extent and whose efficacy (and intracellular delivery) can benefit from 
a localized liposomal extracellular slow release effect, i t  is still important 
to know what fraction is delivered to cells via liposomes because the 
drug’s intracellular destination may be different by different entry 
routes. 


Finally, it is apparent that  the in uiuo system is very complex, with a t  
least two saturable processes affecting liposome disposition and uptake 
by the reticuloendothelial system (which includes binding and endocy- 
tosis) and the destabilizing factors in blood. These processes compete, 
and their interplay determines the total organ binding and intracellular 
delivery of a liposome-entrapped compound. In this study, the complexity 
of this interplay was evidenced by the time dependence of the dose effect 
such that levels in the tissues approached similar relative values at later 
times. This finding, however, may not be true in general since the relative 


magnitudes of these saturable processes probably depend on (and vary 
a t  different rates with) liposome physical properties and the animal’s 
physiological properties. These reasons make it even more important that 
the dose behavior of a given liposome type be well studied so that its 
therapeutic efficacy can be optimized. 
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The plasma concentration (C) versus time ( t )  curve for 
a drug obeying linear kinetics can be described by: 


n 
C = C Ale-x't (Eq. 1) 


I =  1 


following a single dose, or by: 


(Eq. 2) 


following the administration of multiple doses a t  a fixed 
time interval of r. In Eq. 2, CN is the plasma concentration 
during a dosing interval a t  any time following the N t h  
dose. Once steady state is achieved, the concentration (Css)  
is given by: 


The fraction of the steady-state concentration ( f s , 5 )  can 
be defined as the ratio of the average plasma concentration 
during the Nth  dosing interval ( @ N )  to the average plasma 
concentration a t  steady state (C), that is: 


j,$ = CNIC (Eq. 4) 


where 
- 
CN = AC/CN/T (Eq. 5) 


and 
- 
C = A U C l r  0%. 6) 


AUCN and AUC are the areas under the plasma concen- 
tration-time curves during the N t h  dosing interval and at  
steady state, i.e. J 6 C N  dt  and J6 C,,dt , respectively. In- 
tegrating Eqs. 2 and 3 from time zero to r ,  substituting 
these values for AUCN and AUC in Eqs. 5 and 6, and 
- solving for f S s  in Eq. 4 using the resulting values for CN and 
C yields: 


2 Al (1  - e - N \ / r ) / X ,  
/ = I  i,, = (Eq. 7)  


This relationship for f S s  can be expanded to give 


The  total area under a plasma concentration uersus time 
curve following a single dose of a drug equals Zy=j A / / X ,  
(i.e., the integral of Eq. I), therefore, 


AlIC - 5 A/c -NX/ r /X /  


AI'C 
/ = I  


(Eq. 9) 


Furthermore, the integral of Eq. 1 from time t to pro- 
vides an expression for the area under a plasma concen- 
tration uersus time curve following a single dose from time 
t to  a, AUC;": 


AI IC;  ~ A l c ~ - * ' / l / X ,  (Eq. 10) 


Because Nr  in Eq. 9 equals the time since the beginning 
of dosing, i.e., t ,  AUC;" can be substituted for 27=, 
A/e -NXIT /X ,  in Eq. 9 to yield: 


i,. = 


n 


l = l  


Therefore, the fraction of steady state reached at  time 
t after initiation of a multiple dosing regimen can he de- 
termined by knowing the areas, A UC and AlJCf' or A UC:, 
obtained from a single dose of the drug. No model has to 
be assumed to permit the use of Eq. 11 for determining 
f.\. 


( 1  
(2) W. L. Chiou, J .  Pharmacohinet. Hiopharm.,  8,311 (1980). 


W. I,. Chiou, J .  Pharm.  Sri., 68, 1546 (197'3). 
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Hypotensive Activity of Cecropia 
o b t usi folia 


Keyphrases Cecropia obtusijolia-ethanol extract, hypotensive ac- 
tivity Hypotensive activity-effect of Cecropia obtusifolia, ethanol 
extract 


To the  Editor 


Cecropia obtusifolia Bertol is a medium-sized tree of 
the Moraceae family which grows wild in the tropical areas 
of Mexico. In the traditional medicine of tropical America, 
different species of Cecropia have been credited with a 
variety of therapeutic properties, such as antitussive, 
anti-inflammatory, and antidiarrhetic. Since the beneficial 
effects of extracts of Cecropia leaves in the treatment of 
heart failure were documented in a clinical study (l), it 
seemed of interest to determine the cardiovascular effects 
of C. obtusifolia in view of its widespread distribution in 
Mexico. 


The material investigated' was collected in the area of 
the botanical station of Los Tuxtlas operated by the In- 
stitute of Biology of the University of Mexico and located 
in the Gulf coast state of Veracruz. Two kilograms of the 
leaves were ground and extracted with hexane in a Soxhlet 
apparatus. The  residue was then treated with ethanol and 
the resulting extract dried by lyophilization. One portion 
of the 104-g extract was used for pharmacological studies; 
the other for further extraction [shown previously ( 2 ) ] .  The 
results of this work, which led to the isolation and identi- 
fication of two compounds, will be reported elsewhere. 


The cardiovascular activity of the extract was deter- 
mined in male Wistar rats anesthetized with a 1.8 glkg ip 
dose of urethane. Blood pressure and heart rate were re- 
corded continuously, the former with a transducer con- 
nected to a cannulated femoral artery and the latter with 
a tachograph triggered by the pressure pulse. The extract 
was dissolved in propylene glycol and diluted with isotonic 
saline to  a final concentration of 10 mg/ml, resulting in a 


~ ~~ ~ 


' 'The plant material used i n  this investigation was identified as ( 'pcropia 
ohtu.\ilolio Bert01 (Moraceae) by d. I. Calzada, Institute of Biology. National Uni- 
versity of Mexico. A specimen '(Numher MEXIJ-237311) representing material 
collected for this investigation is available f o r  inspectim at the Herbarium , ~ f  the 
Institute 01 Riol(ipy, National University of Mexicti. 
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Effect  of Propylene Glycol on Subcutaneous 
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Figure I-Influence of a lyophilized ethanol rxtract of leaves of Cec- 
ropia obtusifolia on the blood pressure and heart rate of anesthetized 
rats. Also shown are the changes in these parameters ohsercied in  ani- 
mals receiving the urhicle (15% propylene glycol). Circles correspond 
to  means of six experiments; vertical lines denote standard errors. Key: 
(0-0)  extract, 10 mglkg; (0- - -0) vehicle. 


propylene glycol concentration of 15%. Groups of six rats 
received the extract a t  intravenous doses of 3.1,10, or 31 
mg/kg; an additional group received the vehicle. 


The dose of 10 mg/kg produced a slowly developing fall 
in blood pressure, which began 45 min after injection and 
reached a maximum a t  -3 hr (Fig. 1). This was accompa- 
nied by a progressive increase in heart rate. Rats receiving 
the vehicle showed a slight tachycardia and a decrease in 
blood pressure toward the end of the 4-hr observation 
period. The  31-mg/kg dose (not shown) produced a vir- 
tually identical hypotensive response and a smaller rise in 
heart rate; the 3.1-mg/kg dose (not shown) elicited changes 
similar to  those seen in the vehicle-treated animals. 


The blood pressure-lowering effect of relatively low 
doses of lyophilized ethanol extracts of C. obtusifolia 
leaves is interesting in view of its delayed onset and long 
duration. Such characteristics are theoretically desirable 
in an agent potentially useful in the treatment of arterial 
hypertension. Studies are continuing to confirm this effect 
in more suitable models of hypertension and to  identify 
the active principle involved. 


(1) A. Gilhert and P. Carnot, Bull Sci. Pharm., 11,200 (1905). 
(2) F. Gstirner and H. Syring, Arch. Pharm., 294,783 (1961). 
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Keyphrases Propylene glycol-effect 011 subcutaneous absorption 
of a benzimidazole hydrochloride 0 Al)sorption, sul,cutaneous-eI'tect 
of propylene glycol on subcutaneous absorption of a benzimidazole hy- 
drochloride 0 Pharmacokinetics-effect of' propylene glycol on sut)cw 
taneous absorption of a benzimidazole hydrochloride 


To the Editor: 


In the field of parenteral preparations, several water- 
miscible nonaqueous solvents are known to enhance either 
the stability or solubility of certain drugs. Reviews on the 
subject are available (1,Z). A third use of these nonaqueous 
solvents is to alter the absorption rate of the drug from the 
injection site. Absorption rates of several intramuscularly 
administered drugs were shown to decrease when the 
ethanol content of each preparation increased (3). This 
inhibitory effect was attributed to the combined effects 
of an increased viscosity of the vehicle and a decreased 
connective tissue permeability in the presence of ethanol 
(3). In systems involving propylene glycol, glycerin, or 
polyethylene glycol 400 as a cosolvent, the viscosity in- 
creased was found to  be solely responsible for absorption 
rate reduction of intramuscularly administered isonico- 
tinamide (4). A similar viscosity effect was revealed from 
a comparison of the duration of action of a prostaglandin 
administered subcutaneously to beagles in polyethylene 
glycol 400 and in water (5). However, these past studies 
investigated only nonionic drugs. Yet, many parenteral 
drugs are soluble salts of weak acids or weak bases. Very 
little is known about how the water-miscible nonaqueous 
solvents might affect the absorption rate of a drug deliv- 
ered in a salt form. This communication reports the effect 
of propylene glycol on the subcutaneous absorption of a 
benzimidazole hydrochloride, 5(6)-isobutylsulfinyl-2- 
carbomethoxyaminobenzimidazole hydrochloride (I). 


An aqueous solution and a propylene glycol-water (1:l) 
solution of 2-I4C-I (1.01 pCi/mg) were made with distilled 
water and propylene glycol, USP, at  100 mg/ml equivalent 
to  the free base of I. The propylene glycol solutions of 2- 
I4C-I were made a t  50 and 75 mg/ml. These solutions were 
administered subcutaneously to six heifers a t  5 mg/kg free 
base equivalent. The two propylene glycol solutions, 50 and 
75 mg/ml, were administered to groups 1 and 2, three 
heifers in each group, respectively. On the eighth day 
postinjection, the same groups 1 and 2 were administered 
the propylene glycol-water solution and the aqueous so- 
lution, respectively. In all cases, blood was drawn period- 
ically into heparinized tubes following each administration. 
Plasma was obtained immediately after collection and 
frozen until analyzed. Total radioactivity in the plasma was 
determined by liquid scintillation counting'. The results 
are reported as free base equivalents (Fig. 1). Each point 
represents a mean plasma concentration of three animals. 
Vertical bars represent the standard error of each mean. 


Figure 1 exhibits an apparent trend of relative absorp- 
tion rate in the decreasing order for the four injections 
tested: 75 mg/ml propylene glycol solution >50 mg/ml 


1 1,s 8100. Heckman Instruments. In< 
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lowing ATCC test organisms were used to test dimethyl sulfoxide for 
bacterio- and fungistasis: Bacillus subtilis (6633), Staphylococcus aureu.7 
(6538), Candida albicans (10231), Pseudomonos aeruginosa (90271, 
Clostridium perfringens (11437), and Aspergillus nger  (16404). 


Six sets of four tubes each, containing 100 ml of Cat emulsion”, were 
prepared.. Each tube was inoculated with 1 ml of a test organism sus- 
pension. Dimethyl sulfoxide (25 ml) was added to two tubes per set, and 
50 ml to the remaining two tubes. All tubes were vigorously stirred for 
30 sec using a vortex mixer. The mixtures were membrane-filtered using 
a 0.4-pm polyester membrane*. The membranes were washed with 200 
ml of fluid A (1) and 100 ml of fluid D (1) and then cut into two sections. 
One section was transferred to fluid thioglycolate and the other to soy- 
bean casein digest broth. The fluid thioglycolate was incubated a t  33 f 
2’ and soybean casein digest broth a t  23 f T o ,  both for 7 days (1). 


D Value Determination-D values were determined using B. subtilis 
and C. albicans. C. albicans was used because the results of the bacter- 
iostatic and fungistatic test showed that it was more sensitive to dimethyl 
sulfoxide a t  concentrations of 33%. 


Spore stock suspensions containing -lo9 B. su btilis organisms/ml of 
water were used for inoculum. 


‘Cultures of C. albicans weregrown in 13 X 100-mm trypticase soy agar 
slants at  37 f 2” for 72 hr. The slants were washed with 2 ml of phosphate 
buffer to a final concentration of 109 organismdml. 


Six 25-ml aliquots of a 10% fat emulsion were transferred to separat,e 
glass screw-capped test tubes. Three of the tubes were each inoculated 
with 0.1 ml of a spore stock suspension of R. subtilis and the other three 
tubes with C. albicans. The contents of the t,ubes were vigorously stirred 
using a vortex mixer, and 6.25 ml of dimethyl sulfoxide was added to each 
tube. The tubes were stirred as before, and 5-ml aliquots were taken at  
0, 15, 30, 45, and 60 min. Each aliquot was filtered through a 0.4-pm 
polyester membrane. The membranes were washed with 100 ml of fluid 
A and transferred to 38 X 200-mm test tubes containing 100 rnl of fluid 
A. The tubes were ultrasonicated for 6 min at  55 kHz and dilutions plated 
using trypticase soy agar. The plates were incubated a t  35 f 2” for 48 
hr. 


RESULTS 


The results show that 20% dimethyl sulfoxide was not hacteriostatic 
or fungistatic to the test organisms used in this study. The growth rate 
of the sample was comparable to that of the control samples. A concen- 
tration of 33% dimethyl sulfoxide showed some fungistasis only against 
C. albicans after 7 days incubation a t  23 f 2’. 


When 20% dimethyl sulfoxide was used, the D values of H. .w btilis and 


C. albicans were >60 min. 
The polyester membrane had good filtration rates, taking -4 min to 


filter dimethyl sulfoxide and the emulsion. No problem was noted in the 
rinsing of the membrane with fluids A and D. Other membranes tested, 
such as acetate cellulose, pyroxylin, mixed esters of cellulose, and mixed 
cellulose acetate pyroxylin, were either dissolved by dimethyl sulfoxide 
or the pores were plugged by the fat emulsion. 


In contrast to the direct inoculation of a product, the entire product 
could be analyzed in this membrane filtration method, with no problem 
of the media showing turbidity upon inoculation. The use of dimethyl 
sulfoxide as a solvent and of polyester membrane filters for the filtration 
of the product and rinsing fluids provided a rapid method of analysis. 
Since dimethyl sulfoxide showed no bacteriostasis or fungistasis and the 
analysis time was short, the probability of obtaining a better bacterial 
recovery is greatly increased by using the described method. 
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Abstract The axial and radial tensile strengths were compared to the 
hardness of compressed tablets containing various concentrations of 
lubricants. Since radial tensile strength measurement considers the 
thickness of a tablet, and only tensile stress and axial tensile strength 
express the strength in the direction in which capping may occur, the 
tensile strengths characterize the strength of a tablet more completely 


Although the strength of pharmaceutical tablets, which 
must be sufficient to withstand handling and shipment, 
may be expressed in a variety of ways, hardness (the force 
which, when applied diametrically to the tablet,, causes 
fracture) has been the most common expression of 
strength. Studies of various hardness testers have shown 


than hardness. 


Keyphrases 0 Tensile strength-axial and radial tensile strengths 
compared to  the hardness of compressed tablets 0 Tablets-axial and 
radial tensile strengths compared to the hardness of compressed tab- 
lets 


the variations in fracture strength to be due to inaccuracies 
of instrumental scale values, zero errors, variations in the 
method of application of the load, physical dimensions, 
and shape of the tablet (1-4). 


Although hardness has been a convenient and useful 
parameter for in-process control and quality assurance, it 
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Table I-Hardness of Dibasic Calcium Phosphate Dihydrate with Various Concentrations of Magnesium Stearate Compressed at 1134 
kg 


Magnesium Stearate, 7% 
0.0 0.075 0.125 0.25 n.5 i n  3 0  ~ _ _  -." 


Fc, kP 9.4 Na 9.7 Tb 9.7 N 9.9 T 8.4 N 8.1 T 9.6 N 
8.9 N 7.0 T 7.8 T 10.4 T 8.1 N 9.4 T 10.1 N 
9.4 N 9.3 N 9.6 N 9.7 T 8.5 T 8.9 N 10.6 T 
9.8 N 8.8 T 7.7 T 9.7 N 7.4 N 9.5 N 9.7 N 
8.9 T 7.3 T 9.0 N 9.4 N 8.4 N 9.4 N 9.5 N 
8.0 T 8.8 N 9.4 N 9.4 N 8.1 N 10.6 N 10.6 N 
9.9 T 7.5 N 9.4 N 8.5 T 8.7 N 8.9 T 9.8 N 
9.7 T 9.8 T 9.3 N 9.7 N 8.4 T 9.2 N 9.5 T 
8.7 T 10.2 T 8.9 N 9.9 N 8.9 N 9.6 N 9.4 N 


- 9.2 N 8.0 T 8.7 N 9.9 T 8.0 T 9.7 N 
X ,  kp 9.2 8.6 8.9 9.7 8.3 9.2 9.8 
s, FP 0.6 1.1 0.7 0.5 0.4 0.8 0.4 
CI 0.4 0.8 0.5 0.3 0.3 0.6 0.3 


a Nontension failure. * Tension failure. Confidence interval a t  95% probability. 


is an empirical property. Tensile strength is a property of 
the compressed material, and it is a basic parameter which 
maintains consistency of property if the size of the tablet 
is changed (5). In an earlier report (6), the values of axial 
and radial tensile strengths were reported to present a 
directional appreciation of the strength of tablets. The 
purpose of the present report is to suggest that the evalu- 
ation of the axial and radial tensile strengths will charac- 
terize the strength of a tablet with more validity than 
hardness. 


EXPERIMENTAL 


The preparation of tablets and the method of measurement of the axial 
and radical tensile strengths of tablets by a tensiometer' have been re- 
ported previously (6). Tablet hardness was measured by diametral 
compression using a motor-driven hardness tester*. The maximum of the 
scale was 20 kp. Typical data are given in Table I. The mean hardness 
and the standard deviations plotted in the figures represent data for 10 
tablets. 


RESULTS AND DISCUSSION 


Dibasic calcium phosphate dihydrate3 and various concentrations of 
hydrogenated vegetable oil4 and stearic acid were compressed a t  2268 
kg of force into flat-faced tablets with a 1.27-cm diameter. The hardness 
of the tablets was measured and plotted against the concentration of 
lubricant in Fig. 1. Based on the hardness values obtained by diametral 
compression, i t  is concluded that the addition of stearic acid to dibasic 
calcium phosphate dihydrate has no significant effect on the strength 
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Figure 1-The influence of the concentration of lubricant on the 
hardness of dibasic calcium phosphate dihydrate compressed a t  2268 
kg. Key: (0) hydrogenated vegetable oil; and (A) stearic acid. 
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Figure 2-The influence of the  concentration of magnesium stearate 
on hardness of dibasic calcium phosphate  dihydrate compressed at 
uarious forces. Key:  (0) 4Ei4 kg; (A) I133 kg; and (0)  2268 kg. 


Hounsfield Tensiometer, Type W, Tensometer Ltd., Croydon, England. 
Scbleuniger model 2E/205, Vector Corp., Marion, IA 52302. 


Encornpress, Edward Mendell Co., Carrnel, NY 10512. 
Lubritab, Edward Mendell Co., Carmel, NY 10512. 
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Figure 3-The relationship of hardness and radial tensile strength for 
dibasic calcium phosphate dihydrate with various concentrations of 
magnesiumstearate. Key: (0) 0 % ;  (A) 0.075%; (0) 0.1259;; ( 0 )  0.257;; 
(*) 0.543; (+) I.O%;and.(X) 2.0$;,. 


of the tablet. For hydrogenated vegetable oil it appears that, as the con- 
centration is increased to 4%, there is an increase in hardness as the 
concentration of lubricant is increased. A material that would lubricate 
and strengthen a tablet would be a useful excipient. 


The wide variance in measurement may lead to erroneous conclusions. 
As illustrated in Fig. 1, for dibasic calcium phosphate dihydrate with 
hydrogenated vegetable oil, the variance in hardness may be a result of 
composite stresses (compressive, tensile, and shear) causing failure and 
minute differences in thickness of the tablets (5). In a tensile strength 
test, only tensile stress causes failure, and any difference in thickness is 
considered. 


Dibasic calcium phosphate dihydrate and various concent.rations of 
magnesium stearate were compressed at 454,1134, and 2268 kg of force. 
The hardness of the tablets was measured and plotted against the con- 
centration of lubricant in Fig. 2. Based on the hardness values obtained 
by diametral compression, it is concluded that the addition of magnesium 
stearate to dibasic calcium phosphate dihydrate has no significant effect 
on the strength of the tablet. As shown in Table I, the majority of the 
breakage was by a nontension failure. In the hardness tester, weaker 
tablets failed due to tensile stresses, and stronger tablets failed due to 
compressive stresses. For low values, the hardness is proport.ional to the 
radial tensile strength (Fig. 3). 


The relationship of hardness to axial tensile strength is nonlinear as 
shown in Fig. 4. As the hardness is increased, at  higher values of hardness, 
there is a progressive lessening of the rate of increase of axial tensile 
strength until a limiting axial tensile strength is attained. Thus, if the 
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Figure 4-The relationship of hardness and axial tensile strength /or 
dibasic calcium phosphate dihydrate with various concentrations of 
magnesium stearate. Key: (0) 0%; (A) 0.075%; (0) 0.125%; (0) 0.25%; 
( 0 )  0.5%; (*) 1.0%; and (+) 2.0%. 


strength of a tablet as i ts  hardness is considered, the axial tensile strength 
could be weak, and the tablet would be likely to laminate and cap under 
stress. If the axial tensile strength is measured, the strength in the axial 
direction and its implication in terms of capping are known. It appears 
that  if both axial and radial tensile strengths are known, the strength of 
a tablet is basically characterized. 
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Abstract o Aromatic hydroxylked derivatives of spiro[indan-1,3’- 
pyrrolidine], designed as conformationally restricted analogs of profadol, 
were synthesized and pharmacologically evaluated in mice for analgesia 
and other central nervous system activities. None of the compounds 
synthesized were as potent as profadol in writhing and hot plate tests, 
but the 4-hydroxy derivative exhibited codeine-level analgesia in the 
tests. 


Keyphrases Profadol-rigid analogs, spiro[indan-l,3’-pyrrolidine] 
derivatives, synthesi: and analgesic activity Analgesic activity- 
evaluation of some spiro[indan-l,3’-pyrrolidine] derivatives, synthesis 


Spiro[indan-I,3’-pyrrolidine] derivatives-synthesis and evaluation 
for analgesic activity 


As part of this laboratory’s interest in the use of spiro- 
compounds as analgesic receptor probes (1-3), a series of 
spiro [ tetralin - 1,3’-pyrrolidine] (I) derivatives, designed 
as conformationally and rotationally restricted analogs of 
the analgesic drug, profadol (II), were synthesized recently 
and their analgesic activities determined. The present 
report describes the synthesis and analgesic activities of 
some structurally related spiro[indan-l,3’-pyrrolidine] (111) 
derivatives in which conformational flexibiIity is restricted 
more than in I. 


EXPERIMENTAL’ 


Chemistry-Ethyl 4-Methoxy-indanylidenecyanoacetate ( I n ) - A  
mixture of 4-methoxy-1-indanone (16.2 g, 0.1 mole), ethyl cyanoacetate 
(12.43 g, 0.11 mole), ammonium acetate (15.4 g, 0.2 mole), and acetic acid 
(48 g, 0.8 mole) in benzene (100 ml) was heated under reflux with a Dean 
and Stark water trap for 24 hr. The cooled reaction mixture was washed 
with water (3 X 100 ml), the washings extracted with benzene (2 X 50 ml) 
and the combined benzene liquors dried (magnesium sulfate) and con- 
centrated to give crude product. Recrystallization from ethanol gave an 
analytical sample (Table I); NMR (dimethyl sulfoxide-ds): 6 1.38 (t, 3H, 
OCH~CHB), 2.98 (m, 2H, indan-3 protons), 3.52 (m, indan-2 protons), 
3.86 (s, 3H, OCHa), 4.32 (q, 2H, OCHZCH~), 7.00 (IH, m, indan-5 proton), 
7.29 (lH, m, indan-6 proton), and 8.26 (lH, m, indan-7 proton) ppm; I R  
2215 (C=N) and 1720 (C=O) cm-l. 


Compounds IVa, IVc, and IVd were prepared similarly from the ap- 
propriately substituted 1-indanone2 (Table I). The IR and NMR spectra 
were consistent with their assigned structures. 


4-Methoxy-1 -cyano-1-cyanomethylindane (IVf)-A solution of po- 
tassium cyanide (16.2 g, 0.25 mole) in water (50 ml) was added to a stirred 
solution of IVb (24.5 g, 0.1 mole) in absolute ethanol (200 ml) and the 
contents stirred at  65’ for 16 hr. The mixture was then evaporated to 
dryness in uacuo, the residue suspended in water (200 ml) and extracted 
with ether (3 X 200hl). The ether extracts were washed with water (2 
X 50 ml), dried (magnesium sulfate), and the solvent evaporated to give 
a brown oil. This oil was vacuum distilled to give IVf, a colorless oil that 
crystallized on standing. Recrystallization from ethanol gave an analytical 


Melting points were determined on a Reichert hot stage microsco e and are 
uncorrected. IR spectra were determined as.Nujol mulls on a Perkin-Elmer 237 
spectrophotometer, and NMR spectra were determined on a Perkin-Elmer R12B 
instrument using tetramethylsilane as the internal standard. 


I-Indanone and 5-methoxy-1-indanone were purchased from Aldrich Chemical 
Corp., 4-methoxy-1-indanone was prepared b the method of London and Razdan 
(4), and 6-methoxy-1-indanone was prepared !y the method of House and Hudson 
(5). 


sample (Table I); NMR (deuterochloroform): 6 2.40 (m, 2H, indan-2 
protons), 2.86 (9, 2H, CHzCN), 2.97 (m, 2H, indan-3 protons), 3.80 (s, 3H, 
OCH3), 6.83 (m, lH,  indan-5 proton), 7.12 (m, lH,  indan-6 proton), and 
7.33 (m, lH, indan-7 proton) ppm; I R  2255 and 2240 (both C=N) 
cm-’. 


Compounds IVe, IVg, and IVh were prepared similarly from IVa, IVc, 
and IVd, respectively. IR and NMR spectra were consistent with the 
assigned structures. 


4-Methoxy spiro[indan-l,3’-pyrrolidine-2‘,5’-dione] (IVj)-A sus- 
pension of IVf (21.2 g, 0.1 mole) in acetic acid (50 ml) and 78% (v/v) sul- 
furic acid (20 ml) waa heated in an oil bath at 125O for 1 hr. The acetic acid 
was removed by in U ~ C U O  distillation and the resulting mass was sus- 
pended in water (50 ml) and extracted with ethyl acetate (3 X 300 ml). 
The organic phase was washed with saturated sodium bicarbonate so- 
lution (2 X 200 ml) and water (100 ml) and then dried (magnesium sul- 


I V  


111 
IIIa: R, = R, = R, = R, = H 
IIIb: R, = R, = R, = H; R, = CH, 
IIIc: R, = OCH,; R, = R, = R, = H 
IIId: R, = OCH,; R, = R, = H ;  R, = CH, 
IIIe: R,  = R, = R, = H; R, = OCH, 
IIIf: R, = R, = H; R, = OCH,; R, = CH, 
IIIg: R, = R, = R, = H; R, = OCH, 
IIIh: R, = R, = H; R, = OCH,; R, = CH, 
IIIi: R,  = OH; R, = R, = R, = H 
IIIj: R, = OH; R, = R, = H; R, = CH, 
111%: R, = R, = R, = H; R, = OH 
1111: R, = R, = H; R, = OH; R, = CH, 


IIIm: R, = R, = R, = H; R, = OH 
IIIn: R, = R, = H; R, = OH; R, = CH, 


IVa-IVI 
(Table I )  
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Table I-Physical and Analytical Data for 1.1-Disubstituted Indane Derivatives 


Com- 
pound Ri  Rz R3 R4 R5 Yield, % Melting Point Formula 


Analysis, ?6 
Calc. Found 


IVa 


IVb 


IVC 


IVd 


IVe 


IVf 


IVg 


IVh 


IVi 


IVj 


IVk 


IVI 


=C(CN)COzCzHs 


=C(CN)COzCzH5 


=C(CN)COZC~H~ 


=C(CN)COzCzHs 


CN CHzCN 


CN CHzCN 


CN CHzCN 


CN CHzCN 


-CONHCOCHz- 


-CONHCOCHy- 


-CONHCOCHz- 


-CONHCOCHz- 


H 


H 


H 


-0CH3 


H 


H 


H 


OCH3 


H 


H 


H 


OCH3 


61.7 


33.1 


50.8 


20.4 


83.5 


84.7 


57.7 


50.8 


69.7 


61.6 


66.7 


73.0 


103-104’ 


175-1 78’ 


165-167’ 
(subl.) 


137-139’ 


54-56’ 


71.5-73’ 


52-55’ 


86-88’ 


151-153’ 


187-189’ 


174-176’ 


154-156’ 


C 74.0 
H 5.7 
N 6.2 
C 70.0 
H 5.9 
N 5.4 
C -  
H -  
N -  
C -  
H -  
N -  
C 79.1 
H 5.5 
N 15.4 
C 73.6 
H 5.7 
N 13.2 
C -  
H -  
N -  
C -  
H -  
N -  
C 71.6 
H 5.5 
N 7.0 
C 67.5 
H 5.7 
N 6.1 
C -  
H -  
N -  
C -  
H -  
N -  


74.2 
5.5 
6.1 


70.0 
5.9 
5.3 


70.1 
6.0 
5.3 


70.1 
6.0 
5.3 


79.4 
5.5 


15.4 
74.0 
5.8 


13.2 
73.4 
5.8 


12.8 
74.1 


5.9 
13.0 
71.7 
5.55 
6.8 


67.4 
5.7 
6.0 


67.4 
5.4 
6.1 


67.6 
5.7 
5.8 


fate). Evaporation of the solvent gave the crude product which was re- 
crystallized from absolute ethanol to give an analytical sample (Table 
I); NMR (dimethyl sulfoxide-de): 6 1.87-2.80 (m, 2H, indan-2 protons), 
2.89-3.26 (m, 2H, indan-3 protons), 2.03 (s, 2H, pyrrolidine-4’ protons), 
3.79 (s, 3H, OCHs), 6.68 (m, lH,  indan-5 proton), 6.74 (m, lH,  indan-7 
proton), 7.21 (m, lH,  indan-6 proton), and 8.50 (broad s, lH,  exchange- 
able with deuterium oxide, -NH) ppm; IR: 3190,3075,1780,1725, and 
1695 cm-’. 


Compounds IVi, IVk, and IV1 were prepared similarly from IVe, IVg, 
and IVh, respectively; IR and NMR spectra were consistent with the 
assigned structures. 


4-Methoxy spiro [indan- Z,d’-pyrrolidine] (IIZc)-Finely divided IVj 
(23.1 g, 0.1 mole) was added slowly to a stirred suspension of aluminum 
lithium hydride (11.25 g, 0.3 mole) in dry tetrahydrofuran and the mix- 
ture refluxed for 24 hr. The excess aluminum lithium hydride was de- 
composed by careful addition of water, anhydrous magnesium sulfate 
was added, and the suspension was filtered. The filtrate was evaporated 
in UQCUO to give a pale yellow oil which was distilled in UQCUO to give IIIc; 
NMR (deuterochloroform): 6 1.78-2.22 (m, 4H, indan C-2 and C-4’pro- 
tons), 2.05 (5, lH,  exchangeable with deuterium oxide, NH), 2.69-2.97 
(m, 2H, C-3 protons), 2.90 (s, 2H, C-2’ protons), 2.07-3.29 (m, 2H, C-5’ 
protons), 3.76 (s, 3H, OCH3), 6.66 (m, lH,  C-5 proton), 6.80 (m, lH, C-7 
proton), and 7.17 (m, lH,  C-6 proton) ppm. The base was converted to 
the fumarate salt which was recrystallized from ethanol-ether to give an 
analytical sample (Table 11). 


Compounds IIIa, IIIc, and IIIg were prepared in a similar manner from 
IVi, IVk, and IVI, respectively and converted to  the hydrochloride or 
fumarate salts (Table 11). IR and NMR spectra were consistent with the 
assigned structures. 


4-Methoxy-N-methyl spiro[indan-l,3’-pyrrolidine] (ZIZd)-A so- 
lution of I l k  (2.0 g, 0.01 mole) in formic acid (2.3 g, 0.05 mole) and 40% 
formaldehyde solution (2 ml, 0.02 mole) was heated with stirring at  95” 
for 24 hr. The reaction mixture was diluted with 5% hydrochloric acid 
(5 ml) and extracted with ether (2 X 10 ml). The aqueous phase was made 
basic with concentrated ammonia solution, and extracted with ether (3 
x 20 ml). The combined layers were washed with water (10 ml), dried 
(magnesium sulfate), and the solvent evaporated. The resulting oil was 
distilled in uacuo to give pure IIId; NMR (deuterochloroform): 6 1.88- 
2.30 (m, 4H, C-2 and C-4’protons), 2.35 (s, 3H, N-CHd, 2.50-2.98 (m, 


4H, C-3 and C-5’ protons), 2.64 (s, 2H, C-2’ protons), 3.77 (s,3H, OCHd, 
6.64 (m, lH,  C-5 proton), 6.90 (m, lH,  C-7 proton), and 7.20 (m, lH,  C-6 
proton) ppm. The base was converted to the fumarate salt which was 
recrystallized from ethanol-ether to give an analytical sample (Table 
11). 


Compounds IIIb, IIIf, and IIIh were prepared in a similar manner from 
IIIa, IIIe, and IIIg, respectively, and converted to either their hydro- 
chloride or fumarate salts (Table 11). Their IR and NMR spectra were 
consistent with the assigned structures. 


4-Hydroxy spiro[indan-l,3‘-pyrrolidine]hydrobromide (ZIIi)-A 
solution of IIIc (2.0 g, 0.01 mole) in 48% aqueous hydrobromic acid (25 
ml) was refluxed under nitrogen for 1.5 hr. The yellow-brown solution 
was chilled to give buff crystals of IIIi which were recrystallized from 
ethanol-ether, giving an analytical sample (Table 11); NMR (deuterium 
oxide): 6 1.80-2.20 (m, 4H, C-2 and C-4’ protons), 2.55-2.90 (m, 2H, C-3 
protons), 3.21 (s,2H, C-2‘ protons), 3.24-3.68 (m, 2H, C-5’ protons), 6.51 
(m, 1H.C-5 proton), 6.69 (m, lH,  q-7 proton), and 7.02 (m, lH,  C-6 pro- 
ton) ppm; IR: 3210 (-OH), 2720 (NH) cm-’. 


Compounds IIIj-IIIn were prepared similarly from the appropriately 
substituted spiro[indan-l,3’-pyrrolidine]. Their IR and NMR spectra 
were all consistent with the assigned structures (Table 11). 


Pharmacology-Analgesia was determined by the acetic acid writhing 
test (6) in groups of six mice. Each group was dosed orally with either 
vehicle3 or the compound under test and injected intraperitoneally 30 
min later with dilute acetic acid (0.4 ml, 0.25%). Compounds showing 
analgesia a t  50 mg/kg in that test were also tested for analgesia by the 
hot-plate method (7) (Table 11). 


Locomotor activity was determined using a battery of photobeam cages 
(30 x 12 X 9-cm) traversed by a beam of light. Interruptions of the beam 
were counted automatically. Groups of 10 mice were dosed and placed 
singly in the cages. After 45 min the total number of interruptions re- 
corded and the percentage of inhibition or increase in movement relative 
to controls were determined. 


Reversal of reserpine-induced hypothermia was assessed in groups of 
~~~ 


The testing vehicle used was “Disperso1,”ICI Ltd., Pharmaceuticals Division, 
Macclesfield, UK, which consists of Lissapol NX (Ex 1C1 Dyestuffs Division, 
nonylphenol-ethylene oxide concentrate) (0.1%), Lissapol” C** (sodium salt of 
sulfated cetyl/oleyl alcohol mixture) (O.l?h), “Dispersol” OG** (polyglyceryl rici- 
noleate) (0.1%), and water (99.7%). 


292 I Journal of Pharmaceutical Sciences 
Vol. 71, No. 3, March 1982 







Table 11-Physical, Chemical, and Pharmacological Data for  Spiro[indan- 1,3'-pyrrolidine] Derivatives 


Writhing Test 
Analysis, 96 (Mice) EDSO, 


Compound Yield, % Melting Point Formula Calc. Found mg/kg poa 


IIIa HC1 


IIIb HCl 


I l k  fumarate 


IIId fumarate 


IIIe fumarate 


IIIf fumarate 


IIIg fumarate 


IIIh fumarate 


IIIi HBr 


IIIj HBr 


IIIk HBr 


1111 HBr 


IIIm HBr 


IIIn HBr 


Morphine 


79.3 


86.4 


98.9 


89.2 


89.8 


81.9 


92.4 


93.5 


75.2 


75.2 


92.8 


57.3 


87.9 


94.3 


122-125' 


219-221' 


188-1 95' 


150-155" 


168-175' 


146-150" 


124-130' 


140-147' 


181-187' 


231-237' 


222-229' 


272-278' 


263-267' 


182-187" 


C 68.7 
H 7.1 
N 6.7 
C 69.8 
H 8.1 
N 6.3 
C 63.9 
H 6.6 
N 4.4 
C 64.9 
H 6.9 
N 4.2 
C 63.9 
H 6.6 
N 4.4 
C 64.9 
H 6.9 
N 4.2 
C 63.9 
H 6.6 
N 4.4 
C 64.9 
H 6.9 
N 4.2 c 53.4 
H 6.0 
N 5.2 c 54.9 
H 6.4 
N 4.9 c 53.4 
H 6.0 
N 5.2 c 54.9 
H 6.4 
N 4.9 c 53.4 
H 6.0 
N 5.2 
c 54.9 
H 6.4 
N 4.9 


68.7 
7.6 
6.6 
69.7 
8.2 
6.4 
64.1 
6.6 
4.5 
65.1 
7.1 
4.2 
64.0 
6.6 
4.3 
64.7 
6.7 
3.8 
64.1 
6.6 
4.25 
64.7 
6.7 
4.0 
53.3 
6.1 
5.3 
55.1 
6.4 
4.7 
53.6 
6.1 
5.2 
54.9 
6.3 
4.9 
53.2 
5.9 
5.0 
54.8 
6.3 
4.9 


> 50 


13.9 (11.1-16.3)bJ 


31.3 (23.2-39.6)d 


NA 


NA 


NA 


NAP 


30.1 (19.1-38.2)d 


12.5 (8.9-15.1)f 


NA 


> 50 


>50g 


NA 


NA 


1.4 (0.7-3.6)'' 
Confidence limits in parentheses. * Effective at 30 mg/kg in reversing pentylenetetrazol-induced convulsions in mice. c Failed to exhibit a normal dose-res onse 


curve in the hot-plate test. Not active at 50 mg/kg PO in hot-plate test. Exhibited central stimulant activity at 30 mg/kg in mice. f ED50 = 16.8 (11.6-25.3) mgkg  PO 
in hot-plate test. 8 Caused a 90% reduction in motility at 30 mg/kg in mice. ED50 = 3.8 (2.2-6.5) mg/kg PO in hot-plate test. N A  Not active at 100 mg/kg. 


six mice as described previously (8) and based on the method of Askew 
(9). 


Anticonvulsant activity was measured in groups of six mice subjected 
to the application of maximal electroshock (20 mamp for 0.22 sec uia aural 
clip electrodes) or administration of the chemical convulsant, pentyl- 
enetetrazol (160 mg/kg subcutaneously). In each case, tonic extensor 
spasm was used as the end-point. 


Impairment of motor coordination was assessed by measuring the 
ability of groups of six mice to balance on a stationary 1.3-cm diameter 
metal rod. Individual animals were placed on the rod and observed 
throughout the subsequent 20 sec. The time each mouse remained upon 
the rod was recorded and converted to a score. If the mouse balanced for 
the entire 20 sec, a score of 0 was given; if the mouse fell off after T sec, 
a score of 20 - T was given. Mice that fell off the rod on their first attempt 
were replaced for three more trials, providing a maximum possible score 
of 80. The mean score per mouse was determined and compared by 
standard statistical procedures with corresponding values obtained for 
groups treated with vehicle alone. 


RESULTS 


Chemistry-The syntheses of compounds IVa-IV1 and IIIa-IIIh were 
carried out using procedures similar to those described previously for the 
preparation of the spiro[tetralin-l,3'-pyrrolidine) derivatives (3), but 
utilizing the appropriately substituted 1-indanone in place of the cor- 
responding I-tetralone. The appropriate 1-tetralone was condensed with 
ethylcyanoacetate to give the I-indanylidenecyanoacetate derivative 
(IVa-IVd), which was reacted with potassium cyanide to  give the cor- 
responding 1-cyano-1-(cyanomethy1)indane (IVe-IVh). Treatment of 
compounds IVe-IVh with an acetic acid-sulfuric acid mixture gave the 


corresponding spiro[indan-1,3'-pyrrolidine-2',5'-dione] derivatives 
(IVi-IV1). These compounds were then reduced with aluminum lithium 
hydride in tetrahydrofuran to give the appropriately substituted spi- 
ro[indan-l,3'-pyrrohdine] (111). 0-Demethylation of compounds IIIc-IIIh 
was carried out under nitrogen in refluxing 48% hydrobromic acid con- 
taining 1% phosphoric acid. N-Methylation of compounds IIIa, IIIc, IIIe, 
and IIIg was accomplished in formic acid-formaldehyde solution (Tables 
I and 11). 


Pharmacology-Compounds IIIb and IIIi were the most active 
compounds in the series, exhibiting codeine-level analgesia, whereas 
compound IIIj showed no analgesic activity. None of the other hydrox- 
ylated derivative (IIIk-IIIn) showed any significant analgesic activity, 
although compound IIIl caused marked reduction in motility in mice at  
a 30-mg/kg dose, whereas compound IIIg exhibited central stimulant 
properties at  30 mg/kg in mice. Compound IIIb protected mice against 
pentylenetetrazol induced convulsions at  30 mg/kg. Compounds IIIa-IIIn 
were inactive in the maximal electroshock test, in reserpine antagonism 
tests, and did not produce any impairment of coordination in the sta- 
tionary rod test. 


DISCUSSION 


An important feature of profadol(I1) structure is the rotational free- 
dom present in the molecule which allows a number of rotameric forms 
as the aromatic ring is rotated about the Cl-C3' bond. Thus, the weak 
analgesic activity exhibited by compounds of structure I possibly results 
from these compounds adopting conformations that are noncompli- 
mentary with the receptor. Spiro[indan-l,3'-pyrrolidine] (111) derivatives 
may be regarded as profadol analogs, which are more conformationally 
rigid than the spiro system (I), since aromatic ring rotation is severely 
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restricted in 111 as a result of the reduction of ring B to a five-membered 
ring. Thus, compounds III;, 1111, and IIIn represent interesting rigid 
analogs of 11. Furthermore, molecular model examination of 111; and 
morphine shows the phenolic and tertiary amino groups, and the aromatic 
ring in both compounds to be almost stereosuperimposable. In addition, 
it was of interest to find a patent describing some 3-hydroxyspi- 
ro[indan-l,3’-pyrrolidine] derivatives as orally active analgesics (10). 
Profadol is thought to interact with the analgesic receptor in the half- 
chair conformation (11). 


Although the spiro systems I and 111 represent structural analogs in 
which the profadol molecule is fixed in a conformation related to  the 
morphine molecule, these compounds exhibit only weak or insignificant 
analgesic properties. Thus, other structural features appear to be im- 
portant in profadol-receptor interaction. The inability of these spiro 
analogs to enhance or maintain the analgesic properties of profadol may 
be related to a decreased fit of these compounds a t  the receptor due to 
the rigid orientation of the B ring in these compounds, which represents 
a fixed, and perhaps undesirable, conformation of the 3-propyl group in 
11. 
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Abstract A high-pressure liquid chromatographic method for the 
quantitation of hydroxyprogesterone caproate, medroxyprogesterone 
acetate, and progesterone in pharmaceutical dosage forms was developed. 
The method gave accurate, precise, and reproducible results. The ex- 
cipients present in the dosage forms did not interfere with the assay 
procedure except benzyl benzoate in progesterone injection. The percent 
relative standard deviations based on six injections were 1.6,2.5, and 2.7% 
for hydroxyprogesterone caproate, medroxyprogesterone acetate, and 
progesterone, respectively. The stability of progesterone in ethanol- 
propylene glycol-water (105040) was studied. The loss in potency of 
progesterone, even after 487 days of storage a t  50°, was <lo%. 


Keyphrases Hydroxyprogesterone caproate-quantitation by re- 
versed-phase high-pressure liquid chromatography Medroxyproges- 
terone acetate-quantitation by reversed-phase high-pressure liquid 
chromatography Progesterone-quantitation by reversed-phase 
high-pressure liquid chromatography High-pressure liquid chroma- 
tography-quantitation of hydroxyprogesterone caproate, medroxy- 
progesterone acetate, and progesterone 


The pharmaceutical dosage forms of hydroxyproges- 
terone caproate (I), medroxyprogesterone acetate (II), and 
progesterone (111) are used extensively. The USP method 
(1) for the quantitative determination of I in dosage forms 
is based on a reaction with isoniazid. The color produced 
is measured spectrophotometrically. 


For dosage forms of 11, the USP method (2) requires 
normal phase high-pressure liquid chromatography 
(HPLC) with a porous silica column. The quantitation of 
I11 requires reversed-phase chromatography (3). The 1-m 
column for this procedure has to be packed with octade- 


cylsilane chemically bonded to silica gel. The USP method 
(3) appears to be a modification of a procedure recom- 
mended previously (4). 


This investigation attempted to develop a reversed- 
phase HPLC method (with prepacked column) suitable 
for the quantitation of I, 11, and I11 in pharmaceutical 
dosage forms. The stability of I11 in some aqueous systems 
was also determined. 


EXPERIMENTAL 


Reagents and  Chemicals-All reagents and chemicals were ACS, 
USP, or NF grade and were used as received. 17-Hydroxyprogesterone’, 
hydroxyprogesterone caproate’, medroxyprogesterone acetate2, and 
progesterone3 were used without further purification. 


Apparatus-The chromatograph4 was connected to a multiple- 
wavelength detector5, a recorder6, and an integrator7. All pH values were 
determined using a pH meter8. 


Column-The columng (30 cm X 4-mm id.) was of a semipolar ma- 
terial consisting of a monomolecular layer of cyanopropylsilane perma- 
nently bonded by silicone-carbon bonds. 


Chromatographic Conditions-The mobile phase contained 30% 


E. R. Squihb & Sons, Princeton, N.J. * The Upjohn Co., Kalamazoo Mich. 
3 Aldrich Chemical Co., Milwaukee, Wis. 


Model ALC 202 equipped with a U6K universal injector, Waters Associates, 


Spectroflow monitor SF770, Schoeffel Instruments Corp., Westwood, N.J. 
Omniscrihe 5213-12, Houston Instruments, Austin, Tex. 
Autolab minigrator, Spectra-Physics, Santa Clara, Calif. 
Model 4500 digital pH meter, Beckman Instruments, Irvine, Calif. 


Milford, Mass. 


9 pBondapaklCN, Waters Associates, Milford, Mass. 
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Abstract  0 The phase diagram for the binary system nafcillin so- 
dium-water, was determined using differential scanning calorimetry 
(DSC) and polarized light microscopy. In the temperature range of 
-20-30°, three crystalline forms and an amphiphilic liquid crystalline 
phase were detected. The stable crystalline form of nafcillin sodium (form 
a)  and water exhibit a eutectic mixture containing 28% drug (wlw) at  -1'. 
In more dilute solutions a lower temperature eutectic (-5") occurs. The 
composition and form of nafcillin sodium in this eutectic are not known. 
The form in the -5' eutectic was found to be metastable above 28% 
concentration and converted to form a. Two other crystalline forms were 
observed a t  9" (form p) and 22' (form y) a t  concentrations above 40%. 
The crystalline forms could not be further characterized due to their 
transient nature and existence in highly concentrated mixtures. A la- 
mellar mesophase is present near ambient temperature in mixtures 
containing more than 55% nafcillin sodium. The phase equilibria were 
highly susceptible to supercooling. Temperature cycling methods were 
devised which gave reproducible DSC data and allowed construction of 
the phase diagram. 


Keyphrases 0 Nafcillin sodium-phase equilibria in water 0 Phase 
diagram-nafcillin sodium-water binary system 0 Crystals-forms of 
nafcillin sodium in aqueous solutions, determined by differential scanning 
calorimetry and polarized light microscopy 0 Differential scanning cal- 
orimetry-determination of phase diagram for nafcillin sodium-water 
system 0 Polarized light microscopy-determination of phase diagram 
for nafcillin sodium-water system 


In the drug phase, polymorphic forms and solvates can 
have a large influence on solubility and dissolution prop- 
erties (1). Liquid crystalline phases can also occur in 
pharmaceutical systems, although few examples of me- 
sophase formation by drug compounds have been reported 
(2,3). In the solution phase, the influence of salt forms and 
ionic equilibria on solubility is well understood (4). The 
difficulties involved in solubility determination for highly 
insoluble substances was recently studied (5). For such 


351. I 


-20° oo +20° -20° o0 +20° 
TEMPERATURE 


Figure 1-DSC scans for 15 and 35% nafchlinsodzum-water mixtures. 
Scans 1 and 2 were run at 2.5'1min while scan 3 was obtained at 
0.625'lmin. Prior to scan 1 the samples were cooled from ambient 
temperaure to -20' at 2.5'/min. 


compounds the dissolution rate may strongly retard the 
approach to equilibrium. 


Problems also occur in determining the solubility of 
compounds which are moderately to highly soluble in 
water. Nucleation and crystallization of metastable solu- 
tions are often inhibited by high solute concentrations or 
the presence of impurities. The potential for solute-solute 
interactions becomes greater as drug concentration in- 
creases. For example, doxycycline hydrochloride forms a 
dimer in moderately concentrated solutions which ac- 
counts for approximately half of the apparent solubility 
of the compound in water (6). 


In the present investigation phase equilibria of a 
water-soluble antibiotic, nafcillin sodium (I), with water 
were studied. Preliminary observations using the polar- 
izing microscope indicated that highly concentrated I- 
water mixtures formed an amphiphilic liquid crystalline 
phase. The present study was initiated to further investi- 
gate this unusual phase behavior and to determine the 
phase diagram. 


EXPERIMENTAL 


Transition temperatures were determined using a differential scanning 
calorimeter'. Solutions of I and water were prepared by weight a t  room 
temperature and one drop was placed in the aluminum sample pan using 
a capillary pipet. After sealing, the pan was placed in the sample holder 
and an empty pan was used as the reference. The low-temperature cell 
cover supplied with the instrument was filled with dry ice and acetone 
for cooling the detector cell, which was continuously purged with dry 
nitrogen. Samples were used within 4 hr to avoid possible effects due to 
penicillin hydrolysis. 


T 
60x1 


- 8  1 I . . . . .  
-20° oo +zoo -20' oo +20° 


TEMPERATURE 


Figure 2-DSC scans for 45 and 60% nafcillin sodium-water mixtures. 
All scans were run at 2.5"lmin. Prior t o  scan 1 the samples were cooled 
from ambient temperature to -20' at 2.5°/min. 


DSC-lB, Perkin-Elmer, Norwalk, Conn. 
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Figure 3-Phase diagram for nafcillin sodium-water. The dashed line 
indicates a possible pathway for formation of the -5' eutectic. Phase 
regions are: a, isotropic solution; b, ice and solution; c, eutectic mixture 
of ice and low temperature form of nafcillin sodium; d, eutectic mixture 
of ice and crystalline Form a; e, solution and Form a; f, solution and 
Form p; g, solution and Form y; h, solution and lamellar mesophase. 


Temperature calibration was checked using water, cyclohexane (mp 
6.5'1, benzene (mp 5.5'), and indium (mp 157'). At the slowest scanning 
rate, 0.625'/min, the melting transition of water occurred over a 3' range. 
This behavior was attributed to inefficiency of heat transfer in the system 
and the large heat of fusion of water. Under the same conditions, the 
hydrocarbons and indium gave much narrower peaks. The transition 
temperature was chosen to be the temperature at which -10% of the total 
peak height of a transition had occurred. This convention was adopted 
to allow comparison of large and small transitions in a single scan and 
to account for variation in sample weight. This method gave melting 
points for the standards equal to literature values (7). The instrument 
output was plotted using an X-Y recorder. 


The DSC measures the differential heat (millicalories per second) re- 
quired to keep the sample and reference at  the same temperature. Thus, 
less heat per unit time is required when scanning slowly than when 
scanning rapidly. The scanning rate is not indicated on the X-Y recorder 
but the longer time required to scan a peak at a slower scan rate will cause 
the apparent peak area to be smaller. 


A polarizing microscope2 with a camera attachment was used to observe 
and photograph the phases. Samples were either equilibrated in a test 
tube and quickly transferred to a slide for observation or cooled directly 
on the microscope slide. Although the temperature could not be closely 
controlled using these methods, the crystalline forms and phase transi- 
tions were clearly and reproducibly observed. 


Nafcillin sodium monohydrate was used as received3. Distilled water 
which had been redistilled from an all-glass apparatus was used. 


- - - - * -  -- - . - 0  


' - 0  -a- _-,I- - - - - -  
0 .  


RESULTS 


The thermal behavior of I-water mixtures was investigated up to 70% 
I (w/w). At this concentration high viscosity and poor reproducibility 
prevented further study. Figures 1 and 2 show representative DSC scans 
over the concentration range studied. Considerable difficulty was en- 
countered in obtaining reproducible data due to the tendency of cooled 
solutions to supersaturate. The repetitive scanning sequence shown in 
the figures induced crystallization and provided reproducible DSC data. 
The transition temperatures from the equilibrium data (scan 3) were used 
to construct the phase diagram shown in Fig. 3. 


After the outline of the phase diagram was established the phases were 
examined microscopically to determine the nature of the physical changes 
associated with the thermal processes. Several phase regions were pho- 
tographed under polarized light and the results are shown in Figs. 4-9. 
Further identification, such as isolation and spectrometric analysis, was 
not possible due to the narrow temperature range of existence for the 
phases. 


DISCUSSION 


DSC Analysis of Nafcillin Sodium-Water Mixtures-The 15% I 
scans (Fig. 1) are representative of data obtained in the 5-2870 concen- 


2 Zetopan, Reichert, Vienna, Austria. 
3 Wyeth, Philadelphia, Pa. 


Figure 4-Region c, eutectic mixture of ice and low temperature form 
of I. Long axis N 400 pm (Initial concentration =30%).  


tration range. A small sharp endotherm occurred at -5' on the shoulder 
of a large broad endotherm at 0' (scan 1). At the upper temperature limit 
(6') the scanning direction was reversed and the sample recooled to -20' 
(scan 2). This cooling resulted in an exothermic transition between -10 
and -20'. The exact temperature of the exotherm varied between sam- 
ples and was concentration dependent. In some runs a small shoulder was 
detected on the low temperature side of the exotherm indicating there- 
versibility of the -5' transition. 


Upon warming the sample a second time (scan 3) the -5" endotherm 
was unchanged although the large endotherm occurred over a narrower 
temperature range. The apparently smaller area of the transition in scan 
3 is due to a fourfold reduction in scanning rate compared to scans 1 and 
2. The thermal data at this concentration are typical of a simple eutectic 
transition followed by melting of crystalline ice at 0'. The melting of an 
eutectic in a binary system at constant pressure is invariant according 
to the Gibbs Phase Rule. In DSC this results in an endothermic transition 
during heating which proceeds until one of the three phases disappears. 
Solubility equilibrium of the remaining phases, ice and solution, is mo- 


Figure 5-Region b, ice and solution. Long axis N 400 pm (Initial 
concentration = 25%). 
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Figure 6-Region e, form a and solution. Long axis -400 p m  (Initial 
concentration = 60%). 


novariant a t  constant pressure resulting in a gradual endothermic tran- 
sition over a wider range of temperature. 


The lack of significant freezing point depression in this system is due 
to the surface activity of I. The critical micelle concentration of I is ap- 
proximately 20-30 mg/ml(8). Thus, under the conditions of the present 
study, I is largely present in the system as micelles resulting in minimal 
freezing point depression of water. 


At 35% I (Fig. 1, right side), the data in scans 1 and 2 are qualitatively 
similar to the 15% mixture. The temperature of the ice-melting endo- 
therm in scan 1 is slightly depressed due to  the higher concentration. A 
major difference exists between the two concentrations. Although present 
in scan 1, the -5" eutectic point is absent in scan 3. These data indicate 
that a t  35% I the -5" eutectic is metastable since it occurs in the first 
warming cycle (scan 1) but not in the second (scan 3). 


The method employed for scans 1 and 2 (warming to 6-8' and re- 
freezing) was found to be necessary to eliminate the -5" endotherm in 


Figure 7-Region f, form @ (plates) and solution contaminated with 
Form y (needles). Long axis -400 pm (Initial concentration = 
60%). 


Figure 8-Region g, solution and Form y (needles). Long axis =400 
p m  (Initial concentration = 60%). 


scan 3. If the sample is warmed to room temperature (instead of 6-8") 
and refrozen, a profile similar to scan 1 is repeatedly obtained. In some 
runs a t  this concentration, a small endotherm a t  7-8" can be detected. 
This endotherm becomes prominent a t  higher concentrations, as shown 
in Fig. 2. These data can only be explained by the existence of a less sol- 
uble (more stable) form of I, different from that present in the -5" eu- 
tectic. 


The thermal behavior of 45% I solutions is shown in Fig. 2. Scan 1 is 
again similar to that found a t  lower concentrations having an apparent 
-5' eutectic closely followed by the apparent ice-melting endotherm. 
In the cooling cycle, scan 2, an exotherm occurs a t  about 2' in addition 
to the exotherm a t  -12". In scan 3 the system is quite different from the 
lower concentrations. The -5' metastable eutectic is eliminated during 
scans 1 and 2 and endotherms a t  -1" and 9" are observed. 


At this concentration the -1' transition is due to the dissolving of the 
eutectic mixture of ice and I. The peak areas indicate that most of the 
sample is present as the eutectic mixture. Microscopic studies show that 
the form of I in this eutectic is not the same as that found below 28% 
concentration. The two-phase region above the eutectic temperature 
contains crystalline I (denoted form a )  and solution. 


At 9" the undissolved form a undergoes an endothermic transforma- 
tion to another crystalline phase, form p. The newly formed crystals of 
form @ a t  45% I gradually dissolve and the system becomes an isotropic 
solution above 18'. These relationships may be seen more clearly in the 
phase diagram, Fig. 3. 


At 60% I (Fig. 2, right side), transitions in scan 1 are absent below 5'. 
At this temperature, a broad exotherm-endotherm pair occurs due to 
crystallization and subsequent dissolution of form a I. The cooling process 
(scan 2) shows a large exotherm due to crystallization of form a in addi- 
tion to the exotherm for formation of the ice-form a eutectic a t  -17'. 
The effect of scan 1 was to induce crystallization of form a allowing the 
stable eutectic to deposit upon cooling. The warming curve (scan 3) 
contains the eutectic transition a t  -1" followed by conversion of form 
a to form @ a t  9". The amount of form N converted to form @ is larger a t  
60% than it was as 45% based on the peak areas. These processes are fol- 
lowed by three small endotherms attributed to the conversion a t  22" of 
form p to a third crystalline phase, form y, the possible transformation 
of form y to a lamellar liquid crystalline phase a t  27", and the dissolution 
of the liquid crystalline phase to form isotropic solution a t  30". 


The small size of the higher temperature endotherms is due to the lower 
concentrations of crystalline or liquid crystalline material remaining in 
the systems, since most of the sample is present as an isotropic solution. 
These conclusions were confirmed microscopically. 


Phase Diagram-The various regions of the phase diagram are 
identified in the legend for Fig. 3. 


Regions b and c-Freezing of dilute (<28%) aqueous I solutions first 
causes ice to crystallize below approximately 0" and the system (region 
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Figure 9-Region h, solution and lamellar mesophase. Long axis -400 
pm (Initial concentration = 60%). 


Figure 10-Nafcillin sodium monohydrate used to prepare all samples. 
Long axis -400 Wm. 


b )  contains ice and solution. Further cooling leads to the -5" eutectic 
(region c), which is stable below 28% I. Above this concentration, the -5' 
eutectic is easily formed on cooling, indicated by the horizontal dashed 
line. But between -5 and -lo, the system is not stable and form a crys- 
tallizes. The diagonal dashed line shows a possible metastable extension 
of the ice-solution equilibrium line to the eutectic temperature. The 
eutectic is expected to contain at  least 50% I. 


Attempts were made to determine the nature of I in the -5' eutectic. 
Region c ,  shown in Fig. 4, has a silvery appearance. Figure 5 is a photo- 
graph of region b,  ice and solution, taken just after melting of the eutectic. 
In the herringbone pattern, the dark channels are solution and the bright 
lines are ice. 


The form of I in this eutectic has the thermodynamic properties of a 
phase. The sharp and constant eutectic temperature over a wide con- 
centration range indicates that the phase has a fixed composition inde- 
pendent of the initial concentration. If I were in a glassy or amorphous 
state, no eutectic transition would occur. Only a broad endotherm for 
melting of ice would be expected (9). Possible explanations for the nature 
of I in this eutectic are that it is a liquid crystalline mesophase, crystalline 
forms B or y, or an unknown crystalline form. 


The first explanation, a liquid crystalline phase, is thought to be most 
consistent with the physical chemical properties of the system. Micros- 
copy does not show discrete crystals, but instead a silvery appearance 
is observed. During crystallization of ice, the micelles are concentrated 
into increasingly smaller volumes of solution. The limit of condensation 
of the micelles would occur at  some critical point and the result would 
probably be a liquid crystalline phase. This hypothesis is the basis of the 
"R" theory of Winsor (10) in which micellar and liquid crystalline 
structural features are unified into an order of progression from dilute 
to concentrated systems. A t  saturation, micellar solutions usually form 
amphiphilic liquid crystalline phases (10). Thus, the crystallization of 
ice from solution follows the horizontal 0' line up to 28% I, as shown in 
Fig. 3. Instead of forming form a and the eutectic at  -lo, the crystalli- 
zation of ice proceeds and the system continues to be two phases indicated 
by the diagonal dashed line in the phase diagram. The eventual limit is 
the formation of the -5' eutectic, which is expected to occur above 50% 
I. 


The existence of the -5' eutectic may be a consequence of the micellar 
structures in solution. The shape and size of the micelles can change as 
a function of concentration or ionic strength (11). It is possible that at  
low concentrations, crystallization of form a would not be favorable be- 
cause of incompatible micellar structure. A t  higher concentrations the 
micelles may become more similar in structure to the packing in form a 
allowing crystallization to take place. 


Regions d and e-The eutectic temperature of water-form a mixtures 
is - lo,  shown by the horizontal boundary of region d from 28 to 65% I 


(Fig. 3). I t  is the point of intersection of the ice-solution and form a-so- 
lution phase boundaries. Thus, at  concentrations below 28%, ice crys- 
tallizes first on cooling the isotropic solution, whereas form a crystallizes 
first between 28 and 40%. 


The crystalline nature of form a is shown in Fig. 6. The sample in Fig. 
6 was equilibrated by immersing a test tube containing isotropic solution 
in an ice-water bath which caused the sample temperature to be in region 
e .  Stirring induced crystallization and at  this temperature the sample 
is a thick paste. A small amount of sample was then applied to a precooled 
slide and photographed immediately. 


Crystals of form a are typically splinter-like with high birefringence. 
The rounded edges are due to dissolution of the crystals into the sur- 
rounding isotropic solutions as the sample becomes warmer. 


The upper boundary temperature for region e (form a and solution) 
is 9' from 35 to 65% I. Between 28 and 43% I, equilibrium of form a with 
isotropic solution occurs. At 9' and 43% I, however, an intersection point 
occurs and the system is invariant. The three phases in equilibrium are 
form a, form B, and solution. The remaining fraction of form (Y in sus- 
pension is unstable and upon warming to go, it converts endothermically 
to form p. The system is invariant a t  this temperature until all form a 
is converted to form 6. Such a transformation is called an incongruent 
melting point (12). 


The phenomena of incongruent melting points is common in binary 
alloys as well as in aqueous solutions of hydrated salts. In phase equilibria, 
an incongruent melting point occurs when a compound is physically 
unstable and decomposes (transforms) at  a temperature below its melting 
point; that is, it has no true melting point. Common salts with incongruent 
melting points are sodium chloride, calcium chloride, and sodium sul- 
fate. 


Sodium sulfate decahydrate forms a simple eutectic with water at -1.3' 
(12). The hydrated salt is in equilibrium with saturated solution up to 
32.4'. A t  this temperature,(the incongruent melting point), the dec- 
ahydrate is unstable and cbnverts to the anhydrous crystalline form. 
Thus, the invariant system contains the decahydrate, anhydrate, and 
solution. Thermal arrest occurs until the transformation is complete. 


The analogous phAse behavior of I and inorganic salts suggests that 
the observed crystalline forms differ in the degree of hydration in the 
crystalline state. This proposal is consistent with the small range of 
temperature in which the forms are stable. The similar crystal energies 
can be rationalized by small changes in spatial arrangement or solvation 
resulting in different crystalline forms. The alternate explanation of 
polymorphism cannot be ruled out a t  present. 


is in equilibrium with solution in region f 
(9-22O, <43% I). The crystal habit of this form (Fig. 7) consists of brightly 
colored, reflective plates with rectangular faces. The rounded edges are 
due to dissolution as the slide warmed under the microscope. Samples 


Regions f and g-Form 
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of this form are usually contaminated with needle-shaped crystals, which 
are the higher temperature form y. This was shown by the following ex- 
periment. A tube containing 60% I at 15” containing needles and plates 
was slowly warmed in a water bath. As the temperature increased, sam- 
ples were periodically taken and observed with the microscope. The 
sample temperature was directly monitored with a thermometer and a 
thermal arrest occurred a t  22O, consistent with the DSC data. At this 
temperature, the plates gradually disappeared and the number of needles 
increased due to the transformation of form fi  to form y. These forms are 
also related by an incongruent melting point. 


When a sample a t  ambient temperature is cooled to 10-20” to induce 
crystallization of form 0, a small amount of metastable form y is often 
obtained, since the temperature region for form y is passed during 
cooling. The high viscosity of the system and small difference in stability 
of the forms allows the metastable form y to remain in suspension a t  a 
temperature where form (3 is the stable crystalline form. Form y can be 
removed from mixtures by warming to near 22O and recooling. If samples 
of form fi  are rapidly warmed, the crystals dissolve directly to isotropic 
solution without the intermediacy of form y or the mesophase. 


Figure 8 shows the acicular habit of form y which is present between 
22 and 26O, above 50% I. These crystals are difficult to grow and were 
prepared by repeatedly cooling the sample below 22’ and warming to 
obtain the large crystals shown. Form y is a small fraction of the total 
sample which is largely isotropic solution. 


Region h-When I and water are mixed on a microscope slide a t  room 
temperature, a layer of liquid crystalline phase forms on the interface 
between solid and saturated solution. The mesophase is also easily formed 
by peripheral evaporation of a drop of solution placed between slide and 
cover slip. Figure 9 shows the liquid crystalline phase formed from a 60% 
I sample. Its microscopic texture clearly identifies it as a lamellar meso- 
phase (13). It is indistinguishable from authentic samples prepared with 
lecithin or docusate sodium. Growth tends to occur on the surfaces of 
bubbles causing the high birefringence (10). The oily streak texture shown 
in Fig. 9 is also characteristic of lamellar forms (13). Light pressure on 
the cover slip causes the viscous phase to flow showing that it is not a solid 
crystalline phase. 


The thermal characteristics of the mesophase could only be approxi- 
mated by DSC. The slow and erratic nature of its formation and the small 
thermal changes involved make the boundaries of region h uncertain. In 
addition, the relationship between form y and the mesophase is not clear 
since i t  is difficult to obtain reliable data a t  such high concentrations. 
Microscopic samples have been observed in which the mesophase and 
needles of form y are present simultaneously so that the conditions for 
formation of these phases must be quite similar. 


In a lamellar mesophase, the amphiphilic molecules are arranged in 
bilayers with polar groups oriented to the aqueous regions separating the 
layers. This arrangement was proved for a number of substances using 
small angle X-ray scattering data (10). The hydrophobic portions form 
the interior of the bilayers and the thickness of the bilayer is about 40 A. 
The lamellar mesophase commonly appears in aqueous systems con- 
taining fatty acid soaps, surfactants, and phospholipids. I t  is only one 
of several known amphiphilic liquid crystalline phases. 


Relationship of the Low Temperature  Forms with the Monohy- 
drate-The form of I in commercial use is a monohydrate. Figure 10 
shows the bulk form of I used to prepare all samples. It would be rea- 
sonable to expect that  this crystalline form would be the same as one of 
the forms identified in this study. Seeding experiments, however, indicate 
that they are not related. Small amounts of monohydrate were seeded 
into supersaturated solutions a t  the temperatures of the three other 
forms. In each case the seed dissolved, although it did so more slowly at 
the lower temperatures. Crystallization eventually occurred but control 


samples indicated that seeding had no effect. The monohydrate appears 
to be a higher energy form (more soluble) than forms a,  fi ,  or y. 


Implications in Freeze-Drying-Although nafcillin sodium is not 
supplied in a freeze-dried form, several comments should be made re- 
garding the importance of such equilibria in freeze-drying processes. 
Simple freezing may cause the drug to be present in a metastable state. 
This may lead to difficulties in the drying process as well as poor physical 
properties of the dried material (9, 14). These problems are especially 
serious when the drug is present at high concentration. Gatlin and De- 
Luca (14) have shown that the physical state of cefazolin sodium and 
nafcillin sodium in the dried product could be changed by thermal 
treatment prior to freeze-drying. If processed directly, the frozen drug 
solutions led to amorphous products, whereas if the frozen solutions were 
warmed to near the eutectic temperature and refrozen the resulting 
products were crystalline. The warming-cooling cycle in the frozen state 
induced crystallization of the drug which was amorphous after the initial 
freezing. 


A single crystalline drug form should not always be expected in frozen 
or subambient systems. Equilibria beyond the usual eutectic state can 
occur with drugs in a small temperature range. The nafcillin sodium- 
water phase diagram shows that the initial drug concentration is an im- 
portant factor. The form of I in the -5’ eutectic (0-28s I) is different 
from the form a crystals found a t  higher concentrations. It is expected 
that this would lead to differences in the respective freeze-dried prod- 
ucts. 


Depending upon the cooling conditions above Oo the crystalline form 
of I can easily be altered. Forms 0 or y can crystallize and allow little or 
no form a, the stable form at low temperatures, to be present in the frozen 
state. This is possible because the forms are similar in energy. In some 
cases, thermal treatments of the solution may be necessary in the 0-20° 
range to initiate crystallization of the form desired for freeze-drying. 
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Figure I-Influence of a lyophilized ethanol rxtract of leaves of Cec- 
ropia obtusifolia on the blood pressure and heart rate of anesthetized 
rats. Also shown are the changes in these parameters ohsercied in  ani- 
mals receiving the urhicle (15% propylene glycol). Circles correspond 
to  means of six experiments; vertical lines denote standard errors. Key: 
(0-0)  extract, 10 mglkg; (0- - -0) vehicle. 


propylene glycol concentration of 15%. Groups of six rats 
received the extract a t  intravenous doses of 3.1,10, or 31 
mg/kg; an additional group received the vehicle. 


The dose of 10 mg/kg produced a slowly developing fall 
in blood pressure, which began 45 min after injection and 
reached a maximum a t  -3 hr (Fig. 1). This was accompa- 
nied by a progressive increase in heart rate. Rats receiving 
the vehicle showed a slight tachycardia and a decrease in 
blood pressure toward the end of the 4-hr observation 
period. The  31-mg/kg dose (not shown) produced a vir- 
tually identical hypotensive response and a smaller rise in 
heart rate; the 3.1-mg/kg dose (not shown) elicited changes 
similar to  those seen in the vehicle-treated animals. 


The blood pressure-lowering effect of relatively low 
doses of lyophilized ethanol extracts of C. obtusifolia 
leaves is interesting in view of its delayed onset and long 
duration. Such characteristics are theoretically desirable 
in an agent potentially useful in the treatment of arterial 
hypertension. Studies are continuing to confirm this effect 
in more suitable models of hypertension and to  identify 
the active principle involved. 
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Keyphrases Propylene glycol-effect 011 subcutaneous absorption 
of a benzimidazole hydrochloride 0 Al)sorption, sul,cutaneous-eI'tect 
of propylene glycol on subcutaneous absorption of a benzimidazole hy- 
drochloride 0 Pharmacokinetics-effect of' propylene glycol on sut)cw 
taneous absorption of a benzimidazole hydrochloride 


To the Editor: 


In the field of parenteral preparations, several water- 
miscible nonaqueous solvents are known to enhance either 
the stability or solubility of certain drugs. Reviews on the 
subject are available (1,Z). A third use of these nonaqueous 
solvents is to alter the absorption rate of the drug from the 
injection site. Absorption rates of several intramuscularly 
administered drugs were shown to decrease when the 
ethanol content of each preparation increased (3). This 
inhibitory effect was attributed to the combined effects 
of an increased viscosity of the vehicle and a decreased 
connective tissue permeability in the presence of ethanol 
(3). In systems involving propylene glycol, glycerin, or 
polyethylene glycol 400 as a cosolvent, the viscosity in- 
creased was found to  be solely responsible for absorption 
rate reduction of intramuscularly administered isonico- 
tinamide (4). A similar viscosity effect was revealed from 
a comparison of the duration of action of a prostaglandin 
administered subcutaneously to beagles in polyethylene 
glycol 400 and in water (5). However, these past studies 
investigated only nonionic drugs. Yet, many parenteral 
drugs are soluble salts of weak acids or weak bases. Very 
little is known about how the water-miscible nonaqueous 
solvents might affect the absorption rate of a drug deliv- 
ered in a salt form. This communication reports the effect 
of propylene glycol on the subcutaneous absorption of a 
benzimidazole hydrochloride, 5(6)-isobutylsulfinyl-2- 
carbomethoxyaminobenzimidazole hydrochloride (I). 


An aqueous solution and a propylene glycol-water (1:l) 
solution of 2-I4C-I (1.01 pCi/mg) were made with distilled 
water and propylene glycol, USP, at  100 mg/ml equivalent 
to  the free base of I. The propylene glycol solutions of 2- 
I4C-I were made a t  50 and 75 mg/ml. These solutions were 
administered subcutaneously to six heifers a t  5 mg/kg free 
base equivalent. The two propylene glycol solutions, 50 and 
75 mg/ml, were administered to groups 1 and 2, three 
heifers in each group, respectively. On the eighth day 
postinjection, the same groups 1 and 2 were administered 
the propylene glycol-water solution and the aqueous so- 
lution, respectively. In all cases, blood was drawn period- 
ically into heparinized tubes following each administration. 
Plasma was obtained immediately after collection and 
frozen until analyzed. Total radioactivity in the plasma was 
determined by liquid scintillation counting'. The results 
are reported as free base equivalents (Fig. 1). Each point 
represents a mean plasma concentration of three animals. 
Vertical bars represent the standard error of each mean. 


Figure 1 exhibits an apparent trend of relative absorp- 
tion rate in the decreasing order for the four injections 
tested: 75 mg/ml propylene glycol solution >50 mg/ml 


1 1,s 8100. Heckman Instruments. In< 
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Figure 1-Plasma concentration of I in heifers Key 0, 75 mglml 
propylenr g lycol  solution, O, 50 mglml propylene glycol solution, A, 
I 0 0  mglml propylene glycol-water ( I  I )  solution, and V, 100 mglrnl 
aqueous solution 


propylene glycol solution > 100 mg/ml propylene glycol- 
water (1:l) solution >lo0 mg/ml aqueous solution. The 
absorption rate difference between the two propylene 
glycol solutions revealed that concentration and/or in- 
jection volume had some effect on the subcutaneous ab- 
sorption of I. Since the dose was kept constant, the injec- 
tion volume varied inversely with the concentration. For 
a given increase in the injection volume, there exists a 
disproportionate ratio between increase in surface area and 
the increased volume. Therefore, from the passive diffu- 
sion standpoint, the smaller the injection volume, the 
faster the absorption. Atropine (61, sodium ion (7), sugars 
(S), testosterone (9), and aminoglycosides (10) were all 
found to be absorbed more rapidly when the compounds 
were administered in smaller injection volumes. This in- 
jection volume effect has been reviewed previously in re- 
view articles on intramuscular and subcutaneous injections 
(11, 12). The injection volume effect appears to be re- 
sponsible for the rate difference between the absorption 
of I from the two propylene glycol solutions. However, the 
effect is ambiguous when the dose volume is relatively 
small. It was reported (4, 13, 14) that the intramuscular 


Table I-Pharrnacokinetic and Physicochemical Parameters of 
the Solutions Investigated 


Soluhilities, 
1 mglrnl 


Cmam AIIC', Visrosity,h Free 
pglml hr cp-l I Rase Solutionsa pg/ml 


A 1.03 f 0.30 21.29 f 5.71 0.04 89.9 21.7 
89.9 21.7 B 0.89 f 0.19 17.10 f 3.25 0.04 


C 0.50 f 0.14 8.60 f 2.34 0.25 130.0 4.17 
D 0.30 f 0.08 5.61 f 2.15 1.4s v. soluble 0.44 


A = 75 mg/ml propylene glycol solution of I; R = 50 mg/ml prupylene glycd 
solution of I; C = 100 mg/ml ropylene glycol-water ( I : ] )  solution (d  I; D = 100 
mg./ml aqueous solution of I. BFrom ref. 4. 


absorption of isonicotinamide was independent of the in- 
jection volume which ranged from 5 to 20 pl. It was pos- 
tulated that the effective absorption area might not vary 
in the case of small injection volume ranging from 5 to 20 
pl. In yet another case, a reversed relationship between the 
injection volume and the absorption rate of I was observed 
in rabbits that were injected subcutaneously 0.5,1.0, and 
2.0 ml of a propylene glycol solution of I (15). The authors 
attributed this deviation from the result predicted by 
diffusion controlled absorption to the precipitation of I at 
the interface of the injected solution and surrounding 
tissue. 


From the plasma concentration curves shown in Fig. 1, 
the following can be observed: the drug is absorbed faster 
from the propylene glycol solution than from the aqueous 
solution, the absorption rate of I from the propylene gly- 
col-water solution is intermediate between those from the 
propylene glycol and the aqueous solution. These results 
a t  first may seem paradoxical to the previous finding (4) 
that propylene glycol, uia its contribution to vehicle vis- 
cosity, inhibits intramuscular absorption. One could 
speculate that factors affecting intramuscular absorption 
might not be applicable to subcutaneous absorption. 
Nevertheless, the viscosity effect on subcutaneous ab- 
sorption was shown to be operative for polyethylene glycol 
400 solution of a prostaglandin (5). The paradox might be 
explained by the following analysis. Table I summarizes 
the maximum plasma concentration (C,,,) and the area 
under the concentration-time curve (AUC) for the curves 
shown in Fig. 1. Also listed are solubilities of I and its free 
base in the respective vehicles. From Table I it appears 
that both C,,, and AUC can be correlated to the free base 
solubility. Because the pKa and the aqueous solubility of 
I are low (3.4 and 0.44 mg/ml, respectively), it is likely that 
I is converted to its free base and precipitated to some 
degree at  the injection site due to the infiltration of tissue 
fluid that has a pH of 6.0 (12). Consequently, the higher 
the free base solubility in the vehicle, the more available 
the drug for absorption. In the case of propylene glycol 
injection, the ionized drug concentration will decrease due 
to neutralization; however, the free base species would be 
maintained because of the relatively high solubility of  the 
free base in propylene glycol. In the case of the aqueous 
injection, both the salt species and the free base species 
would decrease because of neutralization and precipitation. 
The change in drug solubility is apparently the predomi- 
nant factor governing the absorption rate of I in the 
present study. Therefore, absorption of I by subcutaneous 
injection is enhanced, rather than inhibited, by propylene 
glycol. 
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REVIEWS 


Antitumor Agents Based on Natural Product Models. Edited by 
JOHN M. CASSADY and dOHN D. DOUROS. Academic, 111 Fifth 
Ave., New York, NY 10003. 1980.500 pp. 15 X 23 cm. 
This text is volume 16 of Medicinal Chemistry, A Series of Mono- 


graphs The emphasis of the book is on lead or novel antineoplastic 
agents, structure-activity relationships, modes of action, and toxicology 
of natural products. The choice of agents which is discussed in the 
monograph is rational and appropriate for the scope of the text. The book 
serves the purpose of assimilating diverse topics on natural product 
antineoplastic agents of clinical importance. In general, the text is well- 
written, concise and well-referenced, and includes pertinent structures, 
synthetic schemes, and biological data. The text is written with emphasis 
on the current development or status of a given group of agents and states 
scientific areas where further development is required. 


The book is divided in the following contributions by individual au- 
thors: 


Chapter 1, “The Development of New Antitumor Anthracyclines” (F. 
Arcamone), details the basic chemical modifications at  the C-9, C-13, and 
(2-14 of the amino sugar residue and of the chromophore of anthraquinone 
comparing the antitumor activity against HeLa cell, L-1210, P-388, and 
gross leukemia growth. 


Chapter 2, “Trichothecanes” (T. W. Doyle and W. T. Bradner), dis- 
cusses the history, mechanism of action, toxicity, metabolism, bioassay, 
cytotoxicity, and structure-activity relationships for antitumor activity 
in the P-388, L-1210, and B-16 tumor models. 


Chapter 3, “Nucleosides” (M. Ohno), summarizes the structure-ac- 
tivity relationships of C- and N-pyrimidine nucleosides required to block 
the growth of tumors, bacteria, and viruses as evaluated by several in- 
vestigators. 


Chapter 4, “Mitomycins” (W. A. Remers), relates the history, chemical 
properties, mode of action, and structure-activity relationships for an- 
tibacterial and antitumor activity in the L-1210 and P-388 tumors, and 
the newly synthetic analogues of mitomycin. 


Chapter 5, “Recent Progress in Bleomycin Studies’’ (H. Umezawa), 
deals with the chemistry and biosynthesis of bleomycin and phleomycin, 
including a revised structure of bleomycin, copper and iron complexes 
of bleomycin, the mechanism of action against squamous cell carcinomas, 
and other therapeutic uses of the agents. 


Chapter 6, “Streptozocin” (P. F. Wiley), reviews the fermentation and 
isolation processes of streptozocin from bacterial cultures, its pharma- 
cology, toxicology, carcinogenicity, mutagenicity, antibacterial, and 
antineoplastic modes of action, chemical studies, and the structure- 
activity relationships of several analogues. 


Chapter 7, “Terpenoid Antitumor Agents” (J. M. Cassady and M. 
Suffness), correlates the structures, possible modes of action, and 
structure-activity relationships in the KB cytotoxicity screen of NCI of 
mono- and sesquiterpenes, diterpenes, bufadienolides, cardenolides, with 
anolides, cucurbitacins, and quassinoids. 


Chapter 8, “Dimeric Catharanthus Alkaloids” (K. Gerzon), surveys 
the history, clinical observations, assay methods, mode of action, toxicity, 
polarity, and structure-activity relationships of vinblastine and vin- 
cristine, including a discussion of chemical modification of vinblas- 
tine. 


Chapter 9, “Podophyllotoxins” (I. Jardine), discusses the history, 
clinical aspects, structures and chemical synthesis, and modes of action 
of podophyllotoxins, VM26, VP16-213, and steganacin against the P-815 
mastocytoma and L-1210 leukemia cell growth. 


Chapter 10, “Maytansinoids” (Y.  Komoda and T. Kishi), reviews the 
isolation of natural and chemical synthesis of novel derivatives of may- 
tansinoids and antitumor activity, toxicity, and effects on cellular growth 
and biochemical parameters. 


Chapter 11, “Harringtonine and Related Cephalotaxine Esters” (C. 
R. Smith, Jr., K. L. Mikolajczak, and R. G. Powell), relates the charac- 
teristics, configuration, and antineoplastic activity of cephalotaxine and 
its esters. Total synthesis of cephalotaxine, chemical conversion to its 
naturally occurring esters, biosynthesis of ester analogues and struc- 
ture-activity relationship against P-388 and L-1210 tumor growth are 
reviewed. 


Chapter 12, “Camptothecin” (M. E. Wall and M. C. Wani), covers the 
naturally occurring, total and semisynthesized camptothecin analogues, 
antitumor activity, effects on RNA and DNA components of the cell, and 
structure-activity relationships. 


Chapter 13, “Microbial Transformation as an Approach to Analogue 
Development” (J. P. Rosazza), offers a general discussion of the use of 
microorganisms to transform metabolic compounds to new, highly active 
antitumor agents. Examples used for transformation include bacterial 
and plant natural products and miscellaneous agents. 


Chapter 14, “Miscellaneous Natural Products With Antitumor Ac- 
tivity” (M. Suffness and J. Douros), surveys a series of antitumor agents 
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Structure-Activity Relationship Study of Anthraquinones: 
1,4-Dihydroxy-5,8-bis[[2- (2-hydroxyethoxy)ethyl]amino]- 
9,10-anthracenedione, an Analog of an Established 
Antineoplastic Agent 


ROBERT K. Y. ZEE-CHENG and C. C. CHENG 
Received March 9,1981, from the Drug Development Laboratory, Mid- America Cancer Center, The University of Kansas Medical Center, 
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Abstract 0 An oxygen analog of the antineoplastic anthraquinone, 
1,4-dihydroxy-5,8-bis[ [2-(2-hydroxyethyl)amino]ethyl)amino - 9,lO -an- 
thracenedione, was synthesized. This compound, 1,4-dihydroxy-5,8- 
bis[ [2-(2-hydroxyethoxy)ethyI]amino] -9,10-anthracenedione, was found 
to be inactive against P-388 lymphocytic leukemia. A comparative 
structure-activity study of these two anthraquinones in terms of previ- 
ously postulated N-0-0 triangulation hypothesis was discussed. 


Keyphrases Antineoplastic agents-structure-activity relationship, 
5,8-bis[[2-(2-hydroxyethoxy)ethyl]amino]-9,l0-anthracenedione 0 
Structure-activity relationships-5, 8-bis[ [2-(2-hydroxyethoxy)ethyl] - 
amino]-9,10-anthracenedione Anthraquinones-antineoplastic agents, 
5,8-bis[[2-(2-hydroxyethoxy)ethyl]amino) - g,lO-anthracenedione, 
structure-activity relationships 


The importance of the nitrogen atom in the center of the 
side chain of 1,4-dihydroxy-5,8-bis[ [2-(2-hydroxyethyl)- 
amino]ethyl]amino-9,l0-anthracenedione (I), an out- 
standing antineoplastic drug, was noted previously (1,2). 
Replacement of this critical nitrogen atom by other atoms, 
such as sulfur or carbon, resulted in compounds with no 
inhibitory action against leukemias P-388 or L-1210 in 
experimental animals (1). Based on the proposed 
N-0-0 triangulation hypothesis (3), the structural and 
spatial relationship of this nitrogen atom to two oxygen 
atoms on the dihydroxyanthracenedione ring (I) has been 
correlated with that of the amino atom of daunosamine to 
the two oxygen functions on the aglycones of daunorubicin 
(IIa) and doxorubicin (IIb) (4,5). The reported biological 
activity profile of these aminoanthraquinones and an- 
thracycline antibiotics also has been found to be similar 
(5-7). 


Interestingly, in recent publications, certain analogs of 
the anthracycline antibiotics, with the amino function of 


I NH2 
HO 
IIa: R = H 
IIb: R = OH 


the amino sugar moiety replaced by a hydroxyl or an ace- 
toxyl group, possessed activity against P-388 or L-1210 
leukemia. WH 


OH 0 OH 6 


cH+ OCOCH, OCOCH, 


111 


cHAY R,@ 


IVa:  R ,  = H, R, = CH,, R, = H 
I V b :  R, = H, R,  = CH,, R, = COCH, 
IVc:  R,  = OH, R, = CH,, R, = H 
I V d :  R ,  = OH, R, = CH,, R, = COCH, 
W e :  R,  = H, R, = H, R, = H 
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These compounds include 2’-deoxy-di-O-acetyl-D-ri- 
bopyranosyl-E-rhodomycinone (111) (S), 7-0 - (2,6-dide- 
oxy-a-L-Zyxo-hexopyranosy1)daunomycinone (IVa), 3’- 
deamino-3’-hydroxydaunorubicin) and its diacetyl de- 
rivative (IVb) (9), the corresponding 3’-deamino-3’-hy- 
droxydoxorubicin analog (IVc) and its diacetyl derivative 
(IVd) (lo), and 2’-deoxy-~-fucopyranosylcarminomyci- 
none (IVe) (11). However, the dosages required for activity 
are generally larger than those for the established anti- 
neoplastic agents I, IIa, and IIb. Activity displayed by 
these oxygenated analogs may not always be as potent. In 
addition, most other glycosides synthesized by these in- 
vestigators failed to show activity against P-388 or L-1210 
leukemia (8-1 1). Nevertheless, the information suggests 
that the significance of the nitrogen atom of compound I 
should be reexamined with respect to the corresponding 
oxygen atom. Consequently, 1,4-dihydroxy-5,8-bis[[2- 
(2-hydroxyethoxy)ethyl]amino] - 9,lO-anthracenedione 
(VI) was synthesized. 


EXPERIMENTAL 


Compound VI was synthesized by placing 2.75 g (0.01 mole) of purified 
5,8-dihydroxyleukoquinizarin (V) in a round-bottom flask equipped with 
a mechanical stirrer and a condenser. To this, 10.5 g (0.1 mole) of 2-(2- 
aminoeth0xy)ethanol was added dropwise, with stirring. The mixture 
was heated with stirring under nitrogen at 60’ in an oil bath for 2 hr, and 
allowed to stand at  room temperature overnight. On the next day, the 
stirring rod (rinsed with 100 ml of ethanol which was added into the re- 
action mixture) was replaced by a glass sparge tube. Dry air was bubbled 
through the tube into the warm (50-60’) mixture for 4 hr, during which 
time the top of the condenser was connected to a water aspirator so that 
the entire system was under a slightly reduced pressure. The mixture was 
chilled and the separated solid product collected by filtration, washed 
successively with ethanol (10 ml), petroleum ether (20 ml), and diethyl 
ether (2 X 20 ml), and dried to give 3.66 g (82% yield) of VI. Recrystalli- 
zation from a mixture of ethanol and petroleum ether (2:l) gave analyt- 
ically pure VI as dark blue crystals, mp 156-157” (Scheme I). UV: A,,, 
(ethand) 190 (loge 4.23), 214 (4.35), 232 (4.48), 270 (4.07), 380 (3.69), 512 
(3.521, 563 (3.86), 610 (4.311, and 662 (4.34) nm. 


7+fY OH 0 OH 


V 
OH 0 NH-(CH,),-O-(CH,),--OH 


VI  
Scheme I 


Anal.-Calc. for C22H26N208: C, 59.18; H, 5.87; N, .6.28. Found: C, 
59.27; H, 6.03; N, 6.39. 


RESULTS AND DISCUSSION 


Although compound I has shown consistently outstanding antineo- 
plastic activity in a number of experimental animal systems (1, 2, 51, 
compound VI was inactive against P-388 leukemia in the National Cancer 
Institute screening (T/C values at 200,100,50, and 25 mg/kg were 113, 
110, 103, and 102%, respectively)’. This information, and the earlier 
negative test results of 1,4-dihydroxy-5,8-bis[(2-hydroxyethyl)amino]- 
9,lO-anthracenedione (VII) against L-1210 leukemia (T/C values at  400, 
200, and 100 mg/kg were 113,110, and 103%, respectively), indicated that 
the oxygen atom (either in the form of -OH or -OR) cannot replace 
the particular nitrogen atom for antineoplastic activity in the aminoan- 
thraquinone series. 


OH 0 NH-(CH,),-OH 


VII 
The relevancy of this nitrogen atom to the originally proposed N-0-0 
triangulation pharmacophore (3) is also reaffirmed. 
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restricted in 111 as a result of the reduction of ring B to a five-membered 
ring. Thus, compounds III;, 1111, and IIIn represent interesting rigid 
analogs of 11. Furthermore, molecular model examination of 111; and 
morphine shows the phenolic and tertiary amino groups, and the aromatic 
ring in both compounds to be almost stereosuperimposable. In addition, 
it was of interest to find a patent describing some 3-hydroxyspi- 
ro[indan-l,3’-pyrrolidine] derivatives as orally active analgesics (10). 
Profadol is thought to interact with the analgesic receptor in the half- 
chair conformation (11). 


Although the spiro systems I and 111 represent structural analogs in 
which the profadol molecule is fixed in a conformation related to  the 
morphine molecule, these compounds exhibit only weak or insignificant 
analgesic properties. Thus, other structural features appear to be im- 
portant in profadol-receptor interaction. The inability of these spiro 
analogs to enhance or maintain the analgesic properties of profadol may 
be related to a decreased fit of these compounds a t  the receptor due to 
the rigid orientation of the B ring in these compounds, which represents 
a fixed, and perhaps undesirable, conformation of the 3-propyl group in 
11. 
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Abstract A high-pressure liquid chromatographic method for the 
quantitation of hydroxyprogesterone caproate, medroxyprogesterone 
acetate, and progesterone in pharmaceutical dosage forms was developed. 
The method gave accurate, precise, and reproducible results. The ex- 
cipients present in the dosage forms did not interfere with the assay 
procedure except benzyl benzoate in progesterone injection. The percent 
relative standard deviations based on six injections were 1.6,2.5, and 2.7% 
for hydroxyprogesterone caproate, medroxyprogesterone acetate, and 
progesterone, respectively. The stability of progesterone in ethanol- 
propylene glycol-water (105040) was studied. The loss in potency of 
progesterone, even after 487 days of storage a t  50°, was <lo%. 


Keyphrases Hydroxyprogesterone caproate-quantitation by re- 
versed-phase high-pressure liquid chromatography Medroxyproges- 
terone acetate-quantitation by reversed-phase high-pressure liquid 
chromatography Progesterone-quantitation by reversed-phase 
high-pressure liquid chromatography High-pressure liquid chroma- 
tography-quantitation of hydroxyprogesterone caproate, medroxy- 
progesterone acetate, and progesterone 


The pharmaceutical dosage forms of hydroxyproges- 
terone caproate (I), medroxyprogesterone acetate (II), and 
progesterone (111) are used extensively. The USP method 
(1) for the quantitative determination of I in dosage forms 
is based on a reaction with isoniazid. The color produced 
is measured spectrophotometrically. 


For dosage forms of 11, the USP method (2) requires 
normal phase high-pressure liquid chromatography 
(HPLC) with a porous silica column. The quantitation of 
I11 requires reversed-phase chromatography (3). The 1-m 
column for this procedure has to be packed with octade- 


cylsilane chemically bonded to silica gel. The USP method 
(3) appears to be a modification of a procedure recom- 
mended previously (4). 


This investigation attempted to develop a reversed- 
phase HPLC method (with prepacked column) suitable 
for the quantitation of I, 11, and I11 in pharmaceutical 
dosage forms. The stability of I11 in some aqueous systems 
was also determined. 


EXPERIMENTAL 


Reagents and  Chemicals-All reagents and chemicals were ACS, 
USP, or NF grade and were used as received. 17-Hydroxyprogesterone’, 
hydroxyprogesterone caproate’, medroxyprogesterone acetate2, and 
progesterone3 were used without further purification. 


Apparatus-The chromatograph4 was connected to a multiple- 
wavelength detector5, a recorder6, and an integrator7. All pH values were 
determined using a pH meter8. 


Column-The columng (30 cm X 4-mm id.) was of a semipolar ma- 
terial consisting of a monomolecular layer of cyanopropylsilane perma- 
nently bonded by silicone-carbon bonds. 


Chromatographic Conditions-The mobile phase contained 30% 


E. R. Squihb & Sons, Princeton, N.J. * The Upjohn Co., Kalamazoo Mich. 
3 Aldrich Chemical Co., Milwaukee, Wis. 


Model ALC 202 equipped with a U6K universal injector, Waters Associates, 


Spectroflow monitor SF770, Schoeffel Instruments Corp., Westwood, N.J. 
Omniscrihe 5213-12, Houston Instruments, Austin, Tex. 
Autolab minigrator, Spectra-Physics, Santa Clara, Calif. 
Model 4500 digital pH meter, Beckman Instruments, Irvine, Calif. 


Milford, Mass. 


9 pBondapaklCN, Waters Associates, Milford, Mass. 
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Figure 1-Sample chromatograms. Peaks 1-3 are from the solvent, 
internal standard (1 7-hydroxyprogesterone) and I ,  respectively. Peak 
4 in chromatogram B is from benzyl benzoate. Key: A, standard solution; 
and B, injection of I. The  chromatographic conditions are given in the 
text. 
by volume (40% by volume for I) of methanol in 0.02 M aqueous solution 
of monobasic potassium phosphate. The temperature was ambient and 
the flow rate was 2.0 ml/min. The detector was set a t  0.04 (254 nm) and 
the chart speed was 30.5 cm/hr. 


Solution Preparation-The stock solutions of I, 11, and I11 were 
prepared by dissolving 100.0 mg of the compound in enough ethanol to 
make 100.0 ml. The standard solutions were prepared as needed by di- 
luting the stock solutions either with ethanol or dilute ethanol (50% by 
volume in water). Before final dilution, an appropriate quantity of the 
internal standard (17-hydroxyprogesterone for I and hydrocortisone for 
I1 and 111) was added. The final concentration of the internal standard 
was always 20 pg/ml. The stock solutions of internal standards were also 
prepared by dissolving 100.0 mg of the substance in enough ethanol to 
make 100.0 ml. 


Preparation of Progesterone Solutions for Stability Studies-A 
10.0-ml quantity of the I11 solution (10.0 mg/ml in ethanol) was mixed 
with 50.0 ml of propylene glycol and the mixture was brought to volume 
(100.0 ml) with either water or a 0.125M phosphate buffer of an appro- 
priate pH value. 


After the initial assays, the solutions were divided into two parts and 
stored in amber bottles1° (60-ml capacity) at  25 and 50'. 


Assay Solutions-One milliliter of the commercially available hy- 
droxyprogesterone caproate injection (250 mg/ml) was diluted to 100.0 
ml with ethanol. In addition to I, the injection also contained 46% of 
benzyl benzoate and castor oil qs.; a 1.2 ml of this solution was mixed with 
1.0 ml of the internal standard (a 1.0 mg/ml solution of 17-hydroxypro- 
gesterone in ethanol) and the mixture was brought to volume (50.0 ml) 
with ethanol. 


Medroxyprogesterone Acetate Suspension (400 mg/ml)-A 2.0-ml 
quantity of the well-shaken suspension was diluted to 1000.0 ml (to 250 
ml when the concentration of I1 in suspension was 100 mg/ml) with eth- 
anol. Then 2.5 ml of the clear mixture was further diluted to 50.0 ml 
(before diluting, 1.0 ml of the internal standard was added) with ethanol. 
In addition to 11, the suspension contained (per milliliter) polyethylene 
glycol 4000, 20.3 mg; sodium sulfate anhydrous, 11 mg; and myristyl- 
y-picolinium chloride, 1.7 mg. 


Table I-Assay Results of Dosage Forms 


Percent of 
the Label 


Claim Found" 
Type of Dosage Active (Proposed USP XX-NF XV 


Form Ingredient HPLC Method) Method 


Injection 
Injection 


(different lot) 
Synthetic mixture 


similar to 
above injection 


Suspension 
Suspension 


(different lot) 
Tablets 
Tablets 


(different lot) 
Injection 
S u s a e n s i o n 


I 99.2 
I 100.8 


I 100.2 


I1 98.6 
I1 99.2 


I1 99.1 
I1 100.7 


I11 132.8c 
I11 95.6 


100.1 
100.7 


100.1 


b 


b 


Suspension I11 96.3 - 


Synthetic mixture I11 99.7 - 
(different lot) 


similar to 
above 
suspension 


0 Average of three assays. Reproducibility on different days was within f1.5%. 
Not assayed using USP-NF method which is also based on HPLC. Results are 


high because of interference from benzyl benzoate with the assay procedure. 


Medroxyprogesterone Acetate Tablets (10 mg/Tablet)-Ten 
tablets were ground to a fine powder and stirred with -50 ml of ethanol. 
The mixture was transferred to a 100-ml volumetric flask and more 
ethanol rinses were added to bring it to volume. The mixture was fil- 
tered", 20 ml of the filtrate was rejected and then 2.0 ml of the filtrate 
was mixed with 1.0 of the internal standard (hydrocortisone solution in 
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Figure 2-Sample chromatograms. Peaks 1 and 2 are f rom the solvent 
and the internal standard (hydrocortisone), respectively. Peak 3 in 
chromatogram A is from I I  and in chromatogram B and C from III. Key: 
A, suspension of II; B, standard solution of III  in.ethano1; and C, sus- 
pension of III. T h e  chromatographic conditions are given in the text .  


lo Made of Sera glass, Brockway Glass Co., Brockway, Pa. l 1  Whatman No. 1 filter paper. 
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Table 11-Assay Results a of Aqueous Solutions of Progesterone Compounded for Stability Studies 


I 


4 


Solutionb pH (f0.1) '  
Assay Results after (days) Based on 100% on Day 0 


48 120 240 360 487 


1 (Unbuffered) 
2 (Buffered) 
3 (Buffered) 
4 (Buffered) 
5 (Buffered) 


5.7 
5.0 
5.6 
6.6 
7.5 


99.3 100.1 
99.9 99.5 


100.2 100.1 
99.9 101.0 


100.8 100.8 


99.7 
98.9 


100.1 
100.1 
99.7 


98.9 99.4 .. ~ .. ~ 


97.4 92.5 
99.8 94.9 
99.1 95.2 
98.1 95.2 


~~ ~ 


For samples stored at  50'. The results of samples stored at 25" did not indicate any decomposition, even in 487 days. * All other solutions were diluted with 0.125 
M KH2P04 solution of an appropriate pH value except solution 1, which was diluted with water. pH values of the solutions. 


ethanol, 1 mg/ml), and the mixture was brought to volume (50.0 ml) with 
ethanol. The list of the excipients was not disclosed on the label. 


Progesterone Aqueous Suspension (50 mg/ml)-The suspension 
was shaken well, and 2.0 ml was transferred to a 100-ml volumetric flask 
and brought to volume with ethanol. The mixture was filtered" if nec- 
essary, and 2.0 ml of the clear solution was mixed with 1.0 ml of the in- 
ternal standard (1 mg/ml solution of hydrocortisone in ethanol) and 
brought to volume (50.0 ml) with ethanol. In addition to 111, the sus- 
pension contained (per milliliter) sodium carboxymethylcellulose, 2 mg; 
methylcellulose, 0.3 mg; dioctyl sodium sulfosuccinate, 0.15 mg; and 
thimerosal, 0.08 mg. 


Progesterone Injection (50 mg/ml)-A 2.0-ml quantity of the in- 
jection was extracted with ethanol (85% by volume in water) according 
to the procedure recommended by King et al. (4), and the extracts were 
brought to volume (100.0 ml) with 85% ethanol. A 2.0-ml quantity of the 
clear solution was further diluted to 50.0 ml with dilute ethanol (50% by 
volume in water). Before diluting, 1.0 ml of the internal standard was 
added as already described. In addition to 111, the injection contained 
20% benzyl benzoate, 0.5% phenol, and peanut oil q.s. 


Progesterone Solutions for  Stability Studies-A 2.0-ml quantity 
of the solution was mixed with 1.0 ml of the internal standard and the 
mixture was brought to volume (50.0 ml) with dilute ethanol. 


Assay Procedure-A 20.0-pl aliquot of the assay solution was injected 
into the chromatograph using the described conditions. For comparison, 
an identical volume of the appropriate standard solution was injected 
after the assay solution eluted. The standard solutions contained identical 
concentrations of the drug (based on label claim of the assay) and the 
internal standard and were diluted using the identical solvent (ethanol 
or dilute ethanol). 
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Figure 3-Sample chromatograms. Peaks 1-3 are from the solvent, 
hydrocortisone (internal standard), and III. respectively. Peak 4 i n  
chromatograms B and C is from the decomposition product of III. Key: 
A,  standard solution of 111 in ethanol; B, solution 3 (Table II) after 
487 days of storage at 50'; and C. solution of I11 after boiling with 1 N 
NaOH. The  chromatographic conditions are given in  the text .  


Preliminary studies were conducted to determine the interferences 
from the excipients with the assay procedure. No interference was found 
except from benzyl benzoate present in progesterone injection. 


Calculations-Since preliminary investigations indicated that peak 
heights (also the peak areas) were directly related to the concentrations 
(ranges tested were 0.4-1.6 pg for I and 0.4-1.2 fig for I1 and III), the re- 
sults were calculated using 


percent of label claim = @& x 100 (Eq. 1) 
( R p h ) s  


where ( R p h  )a  is the ratio of the peak heights of the drug in the assay so- 
lution and the internal standard and (Rp,,)s for the standard solution of 
identical concentrations. The results are presented in Tables I and I1 and 
Figs. 1-3. 


O the r  Experiments-A 2.0-ml quantity of the stock solution of 111 
was mixed with either 2.0 ml of -0.1 N NaOH or 0.1 N HCl solution and 
allowed to stand for 24 hr. The internal standard was then added, and 
the mixture was brought to volume (50.0 ml) with dilute ethanol and 
assayed. 


In another experiment, 2.0 ml of the stock solution of I11 was mixed 
with 1.0 ml of -1 N NaOH solution and 20 ml of dilute ethanol. The 
mixture was boiled for -5 min on a hot plate and cooled to room tem- 
perature. The internal standard was then added, and the mixture was 
brought to volume and assayed. The result is presented in Fig. 3C. 


RESULTS AND DISCUSSION 
Hydroxyprogesterone Caproate-The assay results (Table I) in- 


dicate that the proposed HPLC method can be adopted for the quanti- 
tative determination of I in injectables. The castor oil and benzyl benzoate 
present in the injection did not interfere with the assay procedure. Benzyl 
benzoate gave a separate peak between the internal standard and the drug 
(peak 2 in Fig. 1B). 


No preliminary procedure to extract I from the injectable solution was 
required. The percent relative standard deviation based on six injections 
was 1.6. The method was reproducible. 


Medroxyprogesterone Acetate-The assay results (Table I) indicate 
that HPLC is a reliable method for the quantitation of I1 in suspension 
and tablets. A very simple procedure was required to extract I1 from the 
tablets, while the suspension did not require preliminary extraction. None 
of the excipients present in suspension (polyethylene glycol 4000, sodium 
sulfate, and myristyl-y-picolinium chloride) interfered with the assay 
procedure (Fig. 2A). The chromatogram obtained from tablets was similar 
to Fig. 2A. 


The percent relative standard deviation based on six injections was 
2.5% and the assay method was reproducible. 


Progesterone-The assay results of suspensions (Table I) indicate that 
the HPLC method can be used for the quantitation of 111 in suspension. 
However, in the case of injection, the benzyl benzoate interfered. I t  had 
the same retention time as of 111; therefore, the assay results were high 
(Table I). 


The excipients present in the suspension (sodium carboxymethylcel- 
lulose, methylcellulose, dioctyl sodium sulfosuccinate, and thimerosal) 
did not interfere with assay procedure (Fig. 2C). The percent relative 
standard deviation based on six injections was 2.7% and the method was 
reproducible. 


The stability results (Table 11) indicate that progesterone is a very 
stable compound in the vehicle (ethanol, 10%; propylene glycol, 50%; and 
water, 40%) studied. Even in 487 days of storage a t  50", the decomposition 
in all the solutions was <lo%. This is equal to a t  least 5 years of storage 
a t  room temperature. The samples which were stored a t  room tempera- 
ture did not decompose a t  all, even in 487 days. 


In other experiments, the progesterone did not decompose in 24 hr on 
treating with 0.1 N HC1 and with 0.1 N NaOH, the loss in potency was 
-4%. On boiling with 1 N NaOH for 5 min, the sample lost slightly more 
than 16% of the potency. An additional peak between the peaks of the 
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internal standard (hydrocortisone) and 111 was obtained (Fig. 3C) in the 
chromatogram. (2) Ibid., p. 468. 


MD, 1980, p. 386. 


(3) Ibid., pp. 666-667. 
(4) R. H. King, L. T. Grady, and J. T. Reamer, J. Pharm. Sci., 63,1591 REFERENCES 


(1) “USP XX-NF XV,” U S .  Pharmacopeial Convention, Rockville, (1974). 
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Abstract  A two-compartment model with time lag is proposed to 
describe the pharmacokinetics of drugs subject to enterohepatic circu- 
lation. The basic model, including two compartments for body and GI 
tract, respectively, with elimination occurring from both compartments, 
was previously proposed. The assumption that the reabsorption of a drug 
molecule is delayed after i ts  biliary excretion is expressed by the addition 
of a time lag in the transfer from the first to the second compartment. 
Computer simulation of the model for intravenous bolus injection and 
oral intake of the drug was performed through first-order numerical in- 
tegration. Several qualitative results concerning changes in pharmaco- 
kinetics due to modifications in biliary excretion, in reabsorption, or in 
elimination are identical with predictions using the basic model. However, 
several qualitative and quantitative results were significantly different. 
The pharmacokinetics, though remaining linear, are no longer biexpo- 
nential. Initial decay after intravenous injection was not affected by 
modifications in reabsorption or elimination from intestine. Predictions 
based on the time-delay model agree with existing experimental evidence 
concerning pharmacokinetics of substances undergoing enterohepatic 
cycling. Delayed recirculation may lead to rebounds in plasma level 
profiles as well as after intravenous and oral administration. The half-life 
of the drug is significantly prolonged even when the kinetic processes 
involved in recirculation remain unchanged. 


Keyphrases 0 Pharmacokinetics-time-lag model, enterohepatic drug 
circulation 0 Models, pharmacokinetic-enterohepatic drug circulation, 
time-lag model Enterohepatic circulation-drugs, pharmacokinetics, 
time-lag model 


When a substance is taken up by the liver and excreted 
into the bile, it may be either eliminated through the GI 
tract or reabsorbed and carried to  the liver uia the portal 
blood stream. This second process is known as entero- 
hepatic cycling. This phenomenon affects both endogenous 
and exogenous substances. 


BACKGROUND 


A two-compartment model was previously developed (1) representing 
the body and the GI tract. Qualitative modifications in pharmacokinetic 
time-profiles and parameters for drugs subject to enterohepatic cycling 
due to changes in biliary excretion and reabsorption rates are well de- 
picted by this model. 


Predictions of the two-compartment model agree with previous ex- 
perimental results (1,2). However, some discrepancies, such as the evi- 
dence of a secondary peak in the time course of serum concentrations, 
remain. Such a secondary peak was reported (3) appearing after intra- 
venous, oral, and intraportal administration of morphine in rats. An 
eight-compartment model for morphine pharmacokinetics was proposed. 
The GI tract compartment of Harrison and Gibaldi (1) is split into a 
catenary system of three compartments forming a loop connected with 


the central compartment. Experimental evidence for a secondary peak 
in plasma radioactivity time profiles, as well as subsequent very slow 
elimination kinetics exist for labeled vitamin D3 in humans (4) and rats 
(5). The main active metabolite of vitamin DS undergoes enterohepatic 
cycling (6). 


A modification of the two-compartment enterohepatic recirculation 
model is proposed to take into account these previous experimental 
findings. The basic assumption is that  a time-delay exists between the 
excretion of a given molecule of the substance into bile and its reab- 
sorption from the intestine. This time lag may be due to delayed bio- 
transformation in the liver, to the storage of the substance in the gall- 
bladder (e.g., in humans), or simply to its transport in bile, a t  a limited 
flow-rate, from the site of excretion to the site of reabsorption. The cor- 
responding time-delay model proposed here exhibits qualitative agree- 
ment with the two basic observations on pharmacokinetics of drugs 
subject to enterohepatic circulation: first, the occurrence of “rebounds” 
in serum level profiles after intravenous and oral administration of drug; 
and second, the slow terminal kinetics of the drug when recirculation 
occurs, even when the processes of deconjugation and reabsorption are 
not rate-limiting. 


THEORETICAL 


Mathematical  Formulation-The model presented in Scheme I is 
a two-compartment system differing from the basic model of Harrison 


I $ dose , Intravenous 


I compartment I k l o  
1 I 


k12 J [ k 2 1  


2 I 
Scheme I-Time-lag pharmacokinetic model for a drug subject to en- 
terohepatic circulation. Compartment 1 represents the body including 
the liver Compartment 2 represents the GI tract. Existence of a time 
delay is assumed after biliary excretion, before reabsorption can 


occur. 
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Acid and Ethosuximide in Plasma of Epileptic Patients 
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Abstract 0 A GLC method for the determination of valproic acid and 
ethosuximide in plasma was developed. The procedure involved a single 
solvent extraction of drugs from acidified plasma samples, followed by 
a GLC injection of the unconcentrated organic phase. This rapid, sensi- 
tive, specific, and reproducible method has been used for 2 years for the 
routine determination of plasma levels of valproic acid and ethosuximide 
in epileptic patients who receive other antiepileptic drugs simulta- 
neously. 


Keyphrases 0 Valproic acid-GLC determination in plasma of epileptic 
patients 0 Ethosuximide-GLC determination in plasma of epileptic 
patients 0 Antiepileptic agents-GLC determination of valproic acid 
and ethosuximide in plasma 0 GLC-determination of valproic acid and 
ethosuximide in human plasma 


The use of valproic acid in the treatment of primary 
generalized epilepsy (particularly petit ma1 epilepsy) has 
been reported (1-3). Optimal plasma concentrations of 
valproic acid are between 40-50 and 100 pg/ml of plasma 
(l) ,  and the importance of monitoring valproic acid in 
epileptic patients was discussed (4,5). 


Ethosuximide was introduced 25 years ago in the clinical 
therapy of petit ma1 epilepsy (6). There have been several 
studies (7-9) on the therapeutic use of ethosuximide in 
epilepsy and on the importance of monitoring plasma 
ethosuximide concentrations. 


Numerous GLC methods are available for the deter- 
mination of valproic acid (10-18) and ethosuximide con- 
centrations (17,19-21) in human plasma. However, almost 
all of these methods require evaporation to concentrate the 
drugs. This step is crucial because these drugs (particularly 
valproic acid) are very volatile. A microextractive tech- 
nique without evaporation of the organic phase is some - 
times used to avoid irregular evaporation or decreased 
sensitivity due to volatility. However, these techniques 
require a high level of precision due to the minute volumes 
used. 


This report describes a GLC method without evapora- 
tion, utilizing 1 ml of plasma. This method has been used 
in this laboratory for more than 2 years for routine anal- 
yses. 


EXPERIMENTAL 


Reagents-Stock solutions of valproic acid' and ethosuximide2 were 
prepared by dissolving the drugs in water. Caproic acid3 (marker for 
valproic acid) and a,a-dimethyl-0-methyl succinimide4 (marker for 
ethosuximide) were dissolved in chloroform3. Stock solutions were stored 
at  4". 


Sigma-Tau, Rome, Italy. 
2 Parke-Davis. Milan, Italy. 
3 Carlo Erba, Milan, Italy. 
4 Aldrich-Europe, Beerse, Belgium. 


Apparatus-The gas chromatograph5 was equipped with a flame- 
ionization detector and a recorder-integratore. The glass column, 1 m 
long X 3-mm i.d., was packed with 10% diethylene glycol-succinate- 
phosphate, on 80-100-mesh Supelcoport7. The following flow rates were 
used: hydrogen, 15 ml/min; air, 250 ml/min; and carrier gas (nitrogen), 
40 ml/min. The temperature of the column was 145" for valproic acid and 
190" for ethosuximide, and the injector temperature was 225" for both 
drugs. 


Extraction Procedure-To 1 ml of plasma containing unknown 
concentrations of the drugs was added 0.5 ml of 1 N HCl and 0.5 ml of 
chloroform containing 100 pg/ml of caproic acid or 100 pg/ml of cup-di- 
methyl-0-methyl succinimide. After being shaken gently for 15 min and 
centrifuged at  2500 rpm for 10 min, the aqueous phase was discarded and 
1-2 pl of the organic phase was injected into the chromatograph. 


Plasma samples from patients taking both drugs were extracted into 
chloroform containing both markers. Calibration curves were prepared 
by adding exact volumes (5,10,20,40,100, and 200 pl) of a standard so- 


A 8  
Figure 1-Response obtained with extract from plasma of a patient 
being treated with phenobarbital, carbamazepine, and valproic acid 
(A, caproic acid; and B, valproic acid) (left) and with phenytoin, ni- 
trazepam, and ethosuximide (A, a, cu-dimethyl-/3-methyl succinirnide; 
and B, ethosuximide) (right). 


5 Model Fractovap 2350, Carlo Erba, Milan, Italy. 
6 Model H P  3380A, Hewlett-Packard, Avondale, Pa. 


Catalog Number 1-1999, Supelco Inc., Bellefonte, PA 16823. 
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Table I-Reproducibility of Valproic Acid and Ethosuximide 
Analyses in Human Plasma Samples 


Valproic Acid Ethosuximide 
Amount Amount Amount 
Added, Found, Found, 
jig/ml pg/mla SD C V , %  pg/mla SD CV,% 


10 9.9 0.43 4.3 10.0 0.42 4.2 
30 29.9 1.27 4.2 30.2 1.29 4.3 
60 60.3 2.04 3.4 60.3 2.10 3.5 


100 100.1 3.00 3.0 100.2 3.41 3.4 


0 Mean of 10 determinations 


lution of valproic acid or ethosuximide (1 mg/ml) to 1 ml of drug-free 
plasma. These plasma samples were treated as already described for 
samples containing unknown concentrations. 


RESULTS AND DISCUSSION 


Typical chromatograms of extracts from plasma of two patients 
undergoing multiple antiepileptic drug therapy, one receiving valproic 
acid and the other receiving ethosuximide, are shown in Fig. 1. There was 
no interference from endogenous plasma compounds or from other an- 
tiepileptic drugs. 


Calibration curves from plasma extract showed a linear correlation 
between concentration and the respective reading: y = 0 .044~  - 0.039, 
r = 0.995, for valproic acid; and y = 0.02331 - 0.034, r = 0.992, for etho- 
suximide. To calculate these curves, a least-squares linear regression 
method was used. The minimal concentration detectable for both drugs 
was -1-2 jig/ml of plasma. 


Analytical recoveries of substances were established as follows. Various 
amounts (5,10,20,40,100, and 200 pg) of valproic acid or ethosuximide 
were dissolved in 1 ml of drug-free plasma. After acidification, plasma 
samples were extracted into 0.5 ml of pure chloroform. Then 0.2 ml of a 
solution containing the marker (100 pl/ml) in chloroform was added to 
0.2 ml of the organic phase. 


A series of external standards was prepared by adding 0.5 ml of the 
marker solution (100 pg/ml) to 0.5 ml of chloroform containing various 
amounts (5, 10, 20, 40, 100, and 200 jig) of valproic acid or ethosuxi- 
mide. 


Analytical recoveries were calculated by comparing peak area ratios 
of the extracted standards to the ratios of the external standards. Ex- 
pressed as concentrations in micrograms per mililiter, they were as follows 
(theoretical values of 5, 10,20,40,100, and 200): 5.0,10.1,20.3,40.7,102.3, 
and 202.8 for valproic acid and 4.4, 8.9, 18.0, 35.6, 88.8, and 176.4 for 
ethosuximide. 


Reproducibility was determined by performing 10 replicate analyses 
of four control samples containing 10,30,60, and 100 pg/ml of both drugs 
on different days over 4 months. The results are shown in Table I. 


The total time required to analyze 22 plasma samples (plasma samples 
from 16 patients and six calibrators) was -1.6 hr. 


This method has been utilized for 2 years, analyzing -1600 plasma 
samples from patients being treated with valproic acid and -250 plasma 
samples from patients being treated with ethosuximide. Only -30 sam- 
ples contained both drugs. 


If these drugs appear together in the same plasma, they may be ex- 
tracted simultaneously, as described, and injected onto the column a t  
two different temperatures. At the highest temperature (190”), valproic 
acid and its marker elute in front of the solvent; at  the lowest temperature 
(145O), ethosuximide and its marker have a retention time of 20 and 16 
min, respectively. 
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REVIEWS 


Antitumor Agents Based on Natural Product Models. Edited by 
JOHN M. CASSADY and dOHN D. DOUROS. Academic, 111 Fifth 
Ave., New York, NY 10003. 1980.500 pp. 15 X 23 cm. 
This text is volume 16 of Medicinal Chemistry, A Series of Mono- 


graphs The emphasis of the book is on lead or novel antineoplastic 
agents, structure-activity relationships, modes of action, and toxicology 
of natural products. The choice of agents which is discussed in the 
monograph is rational and appropriate for the scope of the text. The book 
serves the purpose of assimilating diverse topics on natural product 
antineoplastic agents of clinical importance. In general, the text is well- 
written, concise and well-referenced, and includes pertinent structures, 
synthetic schemes, and biological data. The text is written with emphasis 
on the current development or status of a given group of agents and states 
scientific areas where further development is required. 


The book is divided in the following contributions by individual au- 
thors: 


Chapter 1, “The Development of New Antitumor Anthracyclines” (F. 
Arcamone), details the basic chemical modifications at  the C-9, C-13, and 
(2-14 of the amino sugar residue and of the chromophore of anthraquinone 
comparing the antitumor activity against HeLa cell, L-1210, P-388, and 
gross leukemia growth. 


Chapter 2, “Trichothecanes” (T. W. Doyle and W. T. Bradner), dis- 
cusses the history, mechanism of action, toxicity, metabolism, bioassay, 
cytotoxicity, and structure-activity relationships for antitumor activity 
in the P-388, L-1210, and B-16 tumor models. 


Chapter 3, “Nucleosides” (M. Ohno), summarizes the structure-ac- 
tivity relationships of C- and N-pyrimidine nucleosides required to block 
the growth of tumors, bacteria, and viruses as evaluated by several in- 
vestigators. 


Chapter 4, “Mitomycins” (W. A. Remers), relates the history, chemical 
properties, mode of action, and structure-activity relationships for an- 
tibacterial and antitumor activity in the L-1210 and P-388 tumors, and 
the newly synthetic analogues of mitomycin. 


Chapter 5, “Recent Progress in Bleomycin Studies’’ (H. Umezawa), 
deals with the chemistry and biosynthesis of bleomycin and phleomycin, 
including a revised structure of bleomycin, copper and iron complexes 
of bleomycin, the mechanism of action against squamous cell carcinomas, 
and other therapeutic uses of the agents. 


Chapter 6, “Streptozocin” (P. F. Wiley), reviews the fermentation and 
isolation processes of streptozocin from bacterial cultures, its pharma- 
cology, toxicology, carcinogenicity, mutagenicity, antibacterial, and 
antineoplastic modes of action, chemical studies, and the structure- 
activity relationships of several analogues. 


Chapter 7, “Terpenoid Antitumor Agents” (J. M. Cassady and M. 
Suffness), correlates the structures, possible modes of action, and 
structure-activity relationships in the KB cytotoxicity screen of NCI of 
mono- and sesquiterpenes, diterpenes, bufadienolides, cardenolides, with 
anolides, cucurbitacins, and quassinoids. 


Chapter 8, “Dimeric Catharanthus Alkaloids” (K. Gerzon), surveys 
the history, clinical observations, assay methods, mode of action, toxicity, 
polarity, and structure-activity relationships of vinblastine and vin- 
cristine, including a discussion of chemical modification of vinblas- 
tine. 


Chapter 9, “Podophyllotoxins” (I. Jardine), discusses the history, 
clinical aspects, structures and chemical synthesis, and modes of action 
of podophyllotoxins, VM26, VP16-213, and steganacin against the P-815 
mastocytoma and L-1210 leukemia cell growth. 


Chapter 10, “Maytansinoids” (Y.  Komoda and T. Kishi), reviews the 
isolation of natural and chemical synthesis of novel derivatives of may- 
tansinoids and antitumor activity, toxicity, and effects on cellular growth 
and biochemical parameters. 


Chapter 11, “Harringtonine and Related Cephalotaxine Esters” (C. 
R. Smith, Jr., K. L. Mikolajczak, and R. G. Powell), relates the charac- 
teristics, configuration, and antineoplastic activity of cephalotaxine and 
its esters. Total synthesis of cephalotaxine, chemical conversion to its 
naturally occurring esters, biosynthesis of ester analogues and struc- 
ture-activity relationship against P-388 and L-1210 tumor growth are 
reviewed. 


Chapter 12, “Camptothecin” (M. E. Wall and M. C. Wani), covers the 
naturally occurring, total and semisynthesized camptothecin analogues, 
antitumor activity, effects on RNA and DNA components of the cell, and 
structure-activity relationships. 


Chapter 13, “Microbial Transformation as an Approach to Analogue 
Development” (J. P. Rosazza), offers a general discussion of the use of 
microorganisms to transform metabolic compounds to new, highly active 
antitumor agents. Examples used for transformation include bacterial 
and plant natural products and miscellaneous agents. 


Chapter 14, “Miscellaneous Natural Products With Antitumor Ac- 
tivity” (M. Suffness and J. Douros), surveys a series of antitumor agents 
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from higher plants and microbial sources which were not covered else- 
where in the text but of sufficient scientific interest as possible new 
agents. 


fletlieured by Iris H. Hall 
Department of Medicinal Chemistry 
School of Pharmacy 
[Jniuersity of North Carolina 
Chapel Hill, NC 27514 


Terpenoids and Steroids, Vol. 10. Senior Reporter, J. R. HANSON. The 
Royal Society of Chemistry. Burlington House, London W1V OBN, 
England. 1981. 284 pp. 15 X 23 cm. (Available from: Special Issues 
Sales, American Chemical Society, 1155 16th Street, N.W., Washing- 
ton, DC 20036.) 
This is the 10th volume on terpenoids and steroids in the valuable series 


first puhlished 11 years ago. The aim of the series is to provide systematic, 
comprehensive, and critical reviews of progress in the major areas of 
chemical research. This volume reviews literature published between 
September 1978 and August 1979. 


Volume 10 does not contain a subject index hut is organized in a sys- 
tematic manner that facilitates the location of information. There is also 
an extensive author index which is helpful to those following the research 
of a given individual. The  book contains 1700 chemical structures and 
is documented with 1900 references, conveniently listed on the page of 
each chapter where first noted. 


Part I, which covers the terpenoids, is divided into chapters that in- 
clude sesquiterpenoids, diterpenoids, triterpenoids. and carotenoids and 
polyterpenoids. Chapters on monoterpenoids and the biosynthesis of 
terpenoids and steroids, unlike many of the earlier volumes, are not in- 
cluded. The chapter on monoterpenoids will be included in the next 
volume. 


Part  11, which covers the steroids, is divided into two chapters. The 
chapter on physical methods includes sections on structure and confor- 
mation, NMR spectroscopy, chiroptical phenomenon, mass spectrometry, 
miscellaneous physical properties, and analytical methods. The chapter 
on steroid reactions and partial syntheses contains sections devoted to 
each of these topics. 


The first section is divided topically according to the more common 
tunctional groups and such important subjects as molecular rearrange- 
ments, f'unctionalization of nonactivated positions, and photochemical 
reactions. The second section on partial syntheses, covers cholestane 
derivatives, vitamin D and its metabolites, pregnanes, androstanes and 
oestranes, cardenolides, heterocyclic steroids, and microbiological oxi- 
dations. 


An unusual variety of terpenoid st.ructures, particularly from insect 
and marine sources, has been included in this volume. The sharp increase 
in the use of high-field 'H-NMR and ' C N M R  is evident in this re- 
view. 


The  six reporters who prepared this volume are to be commended for 
maintaining the high standards set by the previous volumes in this series. 
Everyone interested in the chemistry of terpenoids and/or steroids should 
have access to this volume and the others in the series. 


Reuieuwd by Norman J. Doorenhos 
College of Science 
SOU thern Illinois University 


at Carbondale 
Carbondale, I L  62901 


Lexikon der Hilfsstoffe fu r  Pharmazie, Kosmetik und angrenzende 
Gebiete. By HERBERT P. FIEDLER, Editio Cantor Aulendorf, 
D-7960 Aulendorf, West Germany, 2 Volumes, 1081 pp.. 17 X 24 cm., 
1981, Price: 245 DM. 
In view of the scarcity of textbooks dealing exclusively with excipients, 


the revised and expanded edition of the Lexikon der Hilfsstoffe is a timely 
contribution to the reference libraries of pharmaceutical companies, 


regulatory agencies, and schools of pharmacy. Comparison of the contents 
with the original one-volume edition published in 1970 demonstrates the 
evolution of a broader and more critical attitude toward available tech- 
nical information on excipients. 


The author has provided a series of  tables listing specific physical 
propert.ies of excipients, types of surfactants used in pharmaceutical or 
cosmetic preparations, HLB values, MAC (maximum workplace con- 
centration) values, colorants suitable for cosmetic preparations, and a 
table of the German and English titles of selected excipients together with 
their Merck Index and Chemical Abstracts Registry Numbers where 
appropriate. 


The main hody of the text lists excipients in alphabetical order with 
information on t,heir physical, chemical, and biological properties. There 
is considerable variation in coverage between excipients, which reflects 
the author's judgment or the extent of information available to him. It 
is clear that Dr. Fiedler has made a special effort to make these volumes 
useful to English-speaking pharmaceutical scientists. However, the 
construction of some of the interminable German sentences may create 
impatience in readers with a limited knowledge of the language. 


As far as this reviewer knows, no similarly detailed encyclopedia of 
excipients has appeared in the English language. Until this gap is properly 
filled, the Lexihon der Hilfsstoffe will remain a valuable source book for 
pharmaceutical scientists engaged in dosage form design, production, 
and control. 


Reviewed bv Jack Cooper 
School of Pharmacy 
Uniuersity of California 
San Francisco, CA  94143 


USAN and  the USP Dictionary of Drug  Names 1982. United States 
Pharmacopeial Convention, 12601 Twinbrook Parkway, Rockville, MD 
20852.1981.614 pp. 21 X 28 cm. Price $25.00 (Foreign: $40.00 A 0  rate, 
$27.00 surface rate). 
The  1982 edition of USAN and the USP Dictionary of Drug Names 


has been updated in some subtle but important ways. The entry format 
and familiar orange cover are the same but the book itself' IS 104 pages 
longer than last year. There are 96 new adopted names in this edition, 
inclusive to June 15, 1981. Many International Nonproprietary Names 
and graphic formulas from the World Health Organization's listings have 
been added as well as the molecular weights of compounds where ap- 
propriate. 


There are over 17,000 entries and 2043 adopted names in this issue. 
'I'he three appendixes and five lists that  appear in the back of the book 
a ~ . .  the same as last year. 


USAN is the officially recognized source of drug names for the USP, 
the National Formulary, and the major source used by the FDA in re- 
ferring to drug substances. Consequently, this book is an invaluable 
reference to those in the drug trade and health professionals. 


Staff Reuiew 


Synthesis wi th  S tab le  Isotopes of Carbon, Nitrogen, and  Oxygen. 
By DONALD G. OTT. Wiley, 605 Third Ave., New York, NY 10016. 
1981. 224 pp. 16 X 24 cm. Price $28.50. 
This book is designed for chemists who are confronted with the need 


to prepare a compound with a stable isotope of carbon, nitrogen, or 
oxygen. I t  is intended to he useful for individuals actively involved in 
labeled compound synthesis as well as for chemists just entering the 
field. 


Although compounds are presented in chapters according to lunctional 
groups, not all compounds appear in designated chapters. However, the 
text contains an index that lists all labeled compounds. The compounds 
are cited in the index as a product of synthetic procedures or as a reactant. 
Unfortunately, the index does not indicate information other than the 
compounds. 
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Gas Chromatographic Determination of Guanabenz in 
Biological Fluids by Electron-Capture Detection 
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Abstract  0 A sensitive gas chromatographic method for the determi- 
nation of guanabenz [ (2,6-dichlorohenzylidene)amino]guanidine in urine 
and plasma was developed. The method depends upon the acid hydrolysis 
of guanabenz to 2,6-dichlorobenzaldehyde, which has strong electron 
capturing properties and is volatile enough to he eluted from a gas 
chromatographic column. Concentrations as low as 0.1 ng of guana- 
benz/ml can he determined and recovery of the drug from urine and 
plasma samples is 81.8 f 5.5% (SD).  No interferences arising from plasma, 
urine, or reagents were encountered. Examples of the application of the 
method are given. 


Keyphrases Guanabenz-gas chromatographic determination in 
biological fluids, electron-capture detection 0 Electron-capture detec- 
tion-gas rhromatographic determination of guanabenz in biological 
fluids GC determination-guanabenz in biological fluids, electron- 
capture detection 


Guanabenz, [ (2,6-dichlorobenzylidene)amino]guanidine, 
(Scheme I) is a new agent which lowers blood pressure in 
hypertensive rats ( I )  and dogs (2), as well as in humans 
(3-5). When administered orally, the compound is 
subjected to extensive first-pass metabolism. Extensive 
metabolism and distribution into tissues resulted in very 
low concentrations of guanabenz in plasma when single 
oral doses, in the therapeutic range, were given to hyper- 
tensive patients (6). Thus, a highly sensitive method is 
required for the analysis of the drug in plasma, urine, and 
tissue samples derived from animal or clinical studies. 
Such a method, along with its application, is described in 
this report. Extraction of guanabenz from the sample, 
followed by acid hydrolysis to a volatile, strongly elec- 
tron-capturing compound, led to  a sensitivity of 0.1 ng/ml 
with an overall recovery of 81.8 f 5.5%. No interferences 
stemming from reagent, urine, or plasma were observed. 


EXPERIMENTAL 


Materials-Sodium bicarbonate', sodium hydroxide', ether', tolu- 
enel, and sulfuric acidZ were all analytical reagent grade. The chroma- 
tographic standard, 2,6-dichlorobenzaldehyde3, was recrystallized twice 
from absolute ethanol. 


Extraction and Hydrolysis-The pH of a 1-ml aliquot of plasma or 


&C=N-N-\NH2 y Y //"H H +  ~ &C=O Y 


A 
*CH,COOH CI 


Scheme I-Structure of guanabenz and its hydrolysis product, 2,6- 
dichlorobenzaldehyde. 


Mallinckrodt. St .  Louis, Mo. 
2 Fisher Scientific Co., Fair Lawn, N.J. 
3 Aldrich Chemical Cm, Milwaukee, Wis. 


0.5-3 ml urine (in a 12-ml screw-cap centrifuge tube) was adjusted to 10 
by the addition of 2 ml of sodium bicarbonate-sodium hydroxide buffer 
(pH 10). Ether (5 ml) was added and the tube was sealed, shaken me- 
chanically for 10 min, and then centrifuged for 5 min. Four milliliters of 
the ether layer was transferred to a clean centrifuge tube and the aqueous 
phase was re-extracted with an additional 3 ml of ether. After shaking 
and centrifuging the mixture, 3 ml of the ether layer was combined with 
the original 4 ml. The aqueous layer was discarded, and the ether extracts 
were shaken with 2 ml of 0.5 N sulfuric acid for 10 min, and centrifuged 
for 5 min. The ether phase was discarded by aspiration. Any residual ether 
was dispelled by placing the uncapped tube in a 60" water bath for 3 min 
prior to the addition of 2 ml of 12 N HzS04. The tube was capped and 
placed in the 60" water bath. After 45 min, the tube was cooled in an ice 
bath, 0.1 ml of toluene was added, and the mixture was shaken for 10 min 
and centrifuged for 5 min. The aqueous phase was removed by a syringe 
aspirator, and after recentrifugation, 2-4 pl of the toluene solution was 
injected onto the gas chromatographic column. 


Chromatography-The procedure just described resulted in the acid 
hydrolysis of guanabenz to 2,6-dichlorobenzaldehyde which was quan- 
titated by electron-capture gas chromatograph+. The glass column was 
6-mm 0.d. (2-mm i.d.) X 3 m and packed with 1% neopentylglycol succi- 
nate on 60/80 mesh Chromosorb G AW-DMCS5. Its temperature was 
maintained a t  200°, and the flow rate of the ultra-high pure helium6 
carrier gas was 20 ml/min. The flow rate of the purge gas (argon-methane, 
95:5)6 was 30 ml/min. The temperature of the injection port was 220" and 
that of the electron-capture detector was 320". 


Under these conditions, the retention time of 2,6-dichlorobenzaldehyde 
was 2.5 min (Fig. 1) and injection of a 4-p1 aliquot resulting from the ex- 
traction and hydrolysis of a 0.2-ng/ml guanabenz standard gave a peak 
height of 14 mm. 


A response curve to check detector linearity and recovery of guanabenz 
was determined daily by injecting 2-4-pI aliquots of solutions consisting 
of 2, 5, and 10 ng of 2,6-dichlorobenzaldehyde/ml of toluene into the 
chromatograph and plotting peak area uersus concentration of the so- 
lution of the aldehyde. 


A calibration curve of concentration of guanabenz uersus detector 
response was determined daily by adding known amounts of guanabenz 
(0.1, 0.5, 1.0, 5.0, and 20.0 ng/ml) to control urine or plasma and then 
processing these standards in the same manner as unknown samples. 


RESULTS AND DISCUSSION 


Standard curves, constructed daily, were linear from 0.1 to 'LO ng of 
guanabenzhnl, the range usually encountered in clinical studies. The 
minimal detection limit was 0.1 ng of guanabenziml. Recovery of the drug 
from aqueous solution, spiked human plasma, rhesus monkey plasma, 
and urine in the 0.1-20 ng/ml range was 81.8 k 5.5% (SD,  n = 154). This 
recovery was determined by use of the response curve for 2,6-dichloro- 
benzaldehyde. 


No interfering chromatographic peaks were observed (Fig. 1) after acid 
hydrolysis of extracts obtained from control samples collected prior to 
dosing. Figure 2 presents the concentration-time curve of guanabenz in 
the plasma of a normotensive human subject following administration 
of a 24-mg oral dose of the drug. 


The highly selective, sensitive, and accurate metho'd, developed for 
the quantitation of guanabenz in biological fluids, depends on the hy- 


Hewlett-Packard Model 7620. Avondale. Pa. 
5 Supelco, Inc. Bellefont. Pa. 
6 Matheson Gas Products, East Rutherford, N.J 
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Figure l-(A) Gas chromatogram of a 0-hr plasma samplp tqken from 
a normotensiue h u m a n  subject. (B) Gas chromatogram of a plasma 
sample taken  from t h e  same h u m a n  subject following oral adminis-  
tration of the  drug. 
drolysis of the drug to 2,6-dichlorobenzaldehyde, a volatile compound 
which has strong electron-capturing properties. No 2,6-dichlorobenzal- 
dehyde was found as a metabolite in plasma samples. If any were present, 
it would not interfere with the determination of guanabenz as it would 
be separated from the drug during the back extraction into dilute sulfuric 
acid. 


This procedure is sensitive enough to enable concentrations as low as 
0.1 ng/ml to be determined. This sensitivity permitted the determination 
of the very low drug concentrations in human plasma resulting from 
therapeutic doses and the calculation of pharmacokinetic parameters 
from these data (6). Furthermore, guanabenz was measured in rat brain 
(7) and in urine and plasma of rhesus monkeys (8). 


An internal standard was not used in the procedure, because no com- 
pound could be found that would have extraction and hydrolysis char- 
acteristics similar to those of guanabenz when added to an unknown 
sample. The day-to-day variation of the method was <7% No interfer- 
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Figure 2-Concentrations of guanabenz versus t ime in the  plasma of 
a heal thy subject after oral administration of 24 mg ofguanabenz.  


ences from plasma, urine, or reagents were encountered. For standards 
containing 0.1 ng of guanabenz/ml, the recovery for 0.1 ng/ml was 82.6 
f 9.2% (SD) ;  for 5 ng/ml, 81.6 f 5.1%; and for 20 ng/ml, 81.1 f 6.5%. 
These data, which were calculated from the detector response given by 
known amounts of 2,6-dichlorobenzaldehyde, demonstrate good recovery 
of the drug and high precision of the method. 
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Abstract  A two-compartment model with time lag is proposed to 
describe the pharmacokinetics of drugs subject to enterohepatic circu- 
lation. The basic model, including two compartments for body and GI 
tract, respectively, with elimination occurring from both compartments, 
was previously proposed. The assumption that the reabsorption of a drug 
molecule is delayed after i ts  biliary excretion is expressed by the addition 
of a time lag in the transfer from the first to the second compartment. 
Computer simulation of the model for intravenous bolus injection and 
oral intake of the drug was performed through first-order numerical in- 
tegration. Several qualitative results concerning changes in pharmaco- 
kinetics due to modifications in biliary excretion, in reabsorption, or in 
elimination are identical with predictions using the basic model. However, 
several qualitative and quantitative results were significantly different. 
The pharmacokinetics, though remaining linear, are no longer biexpo- 
nential. Initial decay after intravenous injection was not affected by 
modifications in reabsorption or elimination from intestine. Predictions 
based on the time-delay model agree with existing experimental evidence 
concerning pharmacokinetics of substances undergoing enterohepatic 
cycling. Delayed recirculation may lead to rebounds in plasma level 
profiles as well as after intravenous and oral administration. The half-life 
of the drug is significantly prolonged even when the kinetic processes 
involved in recirculation remain unchanged. 


Keyphrases 0 Pharmacokinetics-time-lag model, enterohepatic drug 
circulation 0 Models, pharmacokinetic-enterohepatic drug circulation, 
time-lag model Enterohepatic circulation-drugs, pharmacokinetics, 
time-lag model 


When a substance is taken up by the liver and excreted 
into the bile, it may be either eliminated through the GI 
tract or reabsorbed and carried to  the liver uia the portal 
blood stream. This second process is known as entero- 
hepatic cycling. This phenomenon affects both endogenous 
and exogenous substances. 


BACKGROUND 


A two-compartment model was previously developed (1) representing 
the body and the GI tract. Qualitative modifications in pharmacokinetic 
time-profiles and parameters for drugs subject to enterohepatic cycling 
due to changes in biliary excretion and reabsorption rates are well de- 
picted by this model. 


Predictions of the two-compartment model agree with previous ex- 
perimental results (1,2). However, some discrepancies, such as the evi- 
dence of a secondary peak in the time course of serum concentrations, 
remain. Such a secondary peak was reported (3) appearing after intra- 
venous, oral, and intraportal administration of morphine in rats. An 
eight-compartment model for morphine pharmacokinetics was proposed. 
The GI tract compartment of Harrison and Gibaldi (1) is split into a 
catenary system of three compartments forming a loop connected with 


the central compartment. Experimental evidence for a secondary peak 
in plasma radioactivity time profiles, as well as subsequent very slow 
elimination kinetics exist for labeled vitamin D3 in humans (4) and rats 
(5). The main active metabolite of vitamin DS undergoes enterohepatic 
cycling (6). 


A modification of the two-compartment enterohepatic recirculation 
model is proposed to take into account these previous experimental 
findings. The basic assumption is that  a time-delay exists between the 
excretion of a given molecule of the substance into bile and its reab- 
sorption from the intestine. This time lag may be due to delayed bio- 
transformation in the liver, to the storage of the substance in the gall- 
bladder (e.g., in humans), or simply to its transport in bile, a t  a limited 
flow-rate, from the site of excretion to the site of reabsorption. The cor- 
responding time-delay model proposed here exhibits qualitative agree- 
ment with the two basic observations on pharmacokinetics of drugs 
subject to enterohepatic circulation: first, the occurrence of “rebounds” 
in serum level profiles after intravenous and oral administration of drug; 
and second, the slow terminal kinetics of the drug when recirculation 
occurs, even when the processes of deconjugation and reabsorption are 
not rate-limiting. 


THEORETICAL 


Mathematical  Formulation-The model presented in Scheme I is 
a two-compartment system differing from the basic model of Harrison 


I $ dose , Intravenous 


I compartment I k l o  
1 I 


k12 J [ k 2 1  


2 I 
Scheme I-Time-lag pharmacokinetic model for a drug subject to en- 
terohepatic circulation. Compartment 1 represents the body including 
the liver Compartment 2 represents the GI tract. Existence of a time 
delay is assumed after biliary excretion, before reabsorption can 


occur. 
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Figure 1-Effect of time lag on pharmacokinetic profile after intra- 
venous injection. For all curves, klz = 3.0, klo = 1.0, k21 = 1.0, and k2o 
= 0.0 hr-l .  Key: i- -, 7 = 0 (no time lag); -, T = 0.4 hr; a n d . .  ., T = 0.8 
hr. 


and Gibaldi (1) by the addition of a time lag on the transfer pathway from 
compartment 1 to compartment 2. In this model, compartment 1 repre- 
sents the whole body, including the liver, while compartment 2 describes 
the GI tract. 


The transfer processes are supposed to be governed by first-order ki- 
netics and are denoted respectively by klo for the nonbiliary elimination 
process, kzo for the biotransformation in the GI tract and the fecal ex- 
cretion, and kz l  for the reabsorption process. 


The important characteristic of the model lies in the addition of a time 
delay occurring in series with the conventional klz coefficient, thus 
implying that the drug leaving compartment 1 at time t enters com- 
partment 2 at  time t + 7.  


The corresponding mathematical formulation is: 


-- d A z ( t )  - - ( k z o  + kz l )Az( t )  + klzAl(t  - 7) (Eq. l b )  dt  


Due to the existence of this time delay, the initial conditions take a 
special form; to calculate the solutions of Eqs. l a  and l b  starting from 
arbitrary time to, one has to define: 


A l ( t )  for t o  -7 Q t Q t o  (Eq. 2a) 


and 


A&) fort = t o  (Eq. 26) 


To be more general, it is also possible to account for any input either 
in compartment 1 or compartment 2 or both by adding appropriate terms 
in Eqs. l a  and l b .  In the present study the single intravenous injection 
of a given dose D of drug, and the single oral intake of the same dose are 
considered. 


In both cases, the mathematical formulation is described by Eqs. l a  
and Ib with the corresponding initial conditions. For intravenous ad- 
ministration: 


A i ( 0 )  = D 
A l ( t )  = 0 for -7 Q t < 0 (Eq. 3) 


Az(0) = 0 


and for oral administration: 


A l ( t )  = 0 for -7 Q t Q 0 (Eq. 4) 
Az(0) = D 


Simulation of the Model-Two models were studied: model I cor- 
responds to an intravenous single dose and is described by Eqs. l a ,  l b ,  
and 3; model I1 corresponds to an oral single dose and is described by Eqs. 
la ,  l b ,  and 4. 


In both cases, the explicit analytical solutions can only be derived in 
a recurrent manner on successive time intervals. The results obtained 
for the models on the first two intervals of duration 7 are given in the 
Appendix. It must be emphasized that the derived expressions increase 


in complexity when t gets larger in such a way that they rapidly become 
intractable in practice. 


The simulation of the models, and more generally of Eqs. la and 1 b 
with appropriate input and initial conditions, has to be carried out 
through numerical integration. 


The method proposed in this study is the first-order Euler method, 
which calculates the values of A l ( t )  and A&) at  discrete times t, = j h ,  
where h is a small time increment and j is any positive integer; the time 
lag should also be a multiple integer of h. The corresponding recursive 
equations are given by: 


Al(t ,+l)  = (1 - h K l ) A l ( t , )  + hkzlAz(t,) 0%. 5a) 
A z ( t ~ + i )  = (1 - h K z ) A z ( t ~ )  + hkizAi(tJ - 7 )  (Eq. 56) 


where 


K1 = klo + klz and K z  = kzo + k21 


Sensitivity Study-Theoretical sensitivity analysis of the whole 
pharmacokinetic profile through partial differentiation of A l ( t )  with 
respect to the parameters is difficult in the present case, since no explicit 
analytical expression is available for the complete solution. The study 
of the influence of modifications in the microconstants kl2, k21, klo, and 
kzo and in the time lag 7 was performed numerically using repeated 
computer simulations. 


The reference parameter values are those used by Harrison and Gibaldi 
(l), i .e.,  klz = 3.0, kzl = 1.0, and kzo = 0.0 hr-l. Modified values of the 
microconstants and values of 7 ,  from 0.0 to 1.0 hr, are indicated for each 
computer simulation under the corresponding figure or in the text. 


With respect to terminal kinetics, general algebraic results can be given. 
Assuming the final phase of the decay is exponential, the terminal rate 
constant p’ is the solution of the following equation, whose derivation 
is given in the Appendix: 


W2 - p’(kiz + kio + kzi + kzo) + (kiz + kio)(kzi + kzo)  
- k12k21 exp(p’7) = 0 (Eq. 6) 


Because of the term exp(p’~), Eq. 6 cannot be solved explicitly for p’. 
Accordingly, values of @ and of the terminal half-life (T@ were obtained 
numerically for each computer-simulated pharmacokinetic profile. 
Nevertheless, the equation can be used to investigate the dependency 
of p’ on the microconstants and the time lag. Analytical sensitivity study 
of p’ is explained in the Appendix. 


Note also that for 7 = 0, Eq. 6 reduces to the customary equation for 
determination of a and B for the basic two-compartment open model for 
enterohepatic circulation without time delay (1,2). Furthermote, if klz 
is interchanged with k21, and klo is interchanged with kzo at  the same 
time, the equation remains identical. Hence, the value of p’ is not modi- 
fied. 


RESULTS 


The case where there is no time delay between biliary excretion and 
drug reabsorption has been studied extensively (1,2). This presentation 
is therefore restricted to the case where the time lag is of the same order 
of magnitude as the time constants of the first-order kinetics accounting 
for distribution and elimination. 


Modifications in the serum level profile due to changes in the time lag 
7 (all microconstants being unchanged) are presented in Fig. 1. When 7 
is zero, the amount in the body shows biexponential monotonic decrease. 
When 7 becomes larger, a plateau (7  = 0.4) is obtained first, and for 
greater values (7 = 0.8) a significant rebound appears in the time profile. 
Three periods may be distinguished on the pharmacokinetic profile: 


1. From zero to 7 ,  the amount in the body decreases monoexponen- 
tially (by analogy with conventional notation, the term a’-phase is pro- 
posed). 


2. When distribution is achieved, the amount in the body again de- 
creases exponentially with constant p’ (the p’-phase). 


3. Between these two extreme periods, there exists a transient phase 
where the influence of the time lag is most apparent (7-phase). 


Although the simulated curves displayed in Fig. 1 correspond to 
maximum enterohepatic cycling (kzo = 0), the qualitative results remain 
the same even when the drug is partly eliminated through the intestine 
(kzo # 0). When a time lag is present, the entire pharmacokinetic profile 
is modified, in the so-called initial distribution phase as well as in the 
terminal elimination phase. Further increase in 7 gives rise to other peaks 
in the drug level profile so that the duration of the transient phase be- 
comes longer. Hence, the whole distribution phase (including the d-phase 
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and the 7-phase) is time-lag sensitive with respect to its profile and also 
to its duration. Furthermore, the hybrid constant p', which describes the 
terminal phase, decreases when 7 is enhanced (Appendix) regardless of 
the combination of microconstants. Figure 1 shows how terminal kinetics 
slow down when the time lag increases. For example, values of T& for 
T = 0,7 = 0.4, and T = 0.8 hr (Fig. 1) are respectively 3.3,4.2, and 5.1 hr; 
there is a 50% increase in terminal half-life between the two extreme 
cases. 


The effects of modifications in biliary excretion on the pharmacoki- 
netics of drugs subject to enterohepatic cycling when the basic model (7 


= 0) is considered have been described previously (1,2).  Existence of a 
significant time delay between excretion and reabsorption slightly 
modifies the conclusions. The decay in the initial phase is slower when 
k12 is reduced, regardless of other parameter values. The influence of 
modifications in klz on p', and therefore on the terminal half-life T&, 
are less simple. If kzo < k 10, i.e., when nonbiliary elimination from the 
body is predominant, a decrease in biliary excretion leads to an increase 
in f ,  and therefore shortens the half-life of the drug. For the curves 
displayed in Fig. 2 (klo = 0.5, k2o = 0.2 hr-l), the half-lives are 4.5,3.1, 
and 2.2 hr for klz values of 3.0, 1.0, and 0.33 hr-l, respectively. More 
precisely, an increase in k 12 will always decrease /3' if kzo < k 10 + A1, where 
A1 (a quantity depending on klo, k21, and 7 )  is zero for the basic model 
and strictly positive when a time lag exists (Appendix). On the other 
hand, if kzo  > klo + Al, i.e., when the intestine plays the dominant role 
in elimination, the opposite results are obtained. In this case, the re- 
duction in klz leads to the reduction in p'. However, this effect is mark- 
edly less than in the first case (kzo < klo). For the same set of k12 values, 
the values computed for T& when klo = 0.2 and kzo = 0.5 hr-l are 3.0, 
3.1, and 3.3 hr, respectively. Regardless of the relative magnitudes of klo 
and kzo, the pharmacokinetic profile becomes increasingly smooth when 
k12 decreases (Fig. 2). However, note that the initial decrease is strictly 
monoexponential for the duration of the time delay (1.0 hr for these 
simulations), even when no rebound is apparent. 


The influence of reabsorption on drug disposition was analytically 
studied by Chen and Gross (2). They showed that enhancement in 
reabsorption (increase in kzl) produces the same effects on terminal ki- 
netics as reduction in biliary excretion (decrease in kl2); the effect may 
be an increase or a decrease of the half-life, depending on which of the 
parameters, k l o  or kzo, is the greatest. Predictions of the time-lag model 
are identical with those of the basic model when either klo < kzo or k l o  
> k20 t Az, where A2 > 0 if 7 > 0 (Appendix). Enhancement of the 
reabsorption rate kzl will increase the half-life in the first case and reduce 
T!i2 in the second case. However, if klo is such that k2o < klo < kzo + Az, 
increased reabsorption will produce a longer, not shorter, half-life. The 
curves shown in Fig. 3 are associated with parameter values such that the 
double inequality holds. Terminal half-lives Tf;2 are 3.0,3.1, and 3.3 hr 
when kzl is set equal to 0.33,1.0, and 3.0 hr-l, respectively. Predictions 
based on the time-lag model also differ from those of Chen and Gross (2) 
when the initial decay is considered. The three simulated curves displayed 
in Fig. 3 are superimposed during the 1st hr. When a time lag is present, 
the pharmacokinetics after intravenous injection are insensitive to 
modifications in reabsorption until 7 has elapsed. Influence of reab- 
sorption is only apparent in the transient and terminal phase of the 
pharmacokinetic profile. 


Existence of the rebound is independent of the relative magnitude of 
rate constants k l z  and k21. It may be observed either with high biliary 
excretion and moderate reabsorption (k12 = 3.0, k z l  = 1.0; Fig. 2) or with 
moderate biliary excretion and high reabsorption (klz = 1.0, kzl = 3.0; 
Fig. 3). A slight decrease in either klz or kz l  implies reduction in the 
amplitude of the peak; further decrease leads to complete disappearance 
of this peak. 


The influence of both elimination processes (e.g., through the kidney 
and the intestine) was studied through modifications in rate constants 
k l o  and k2o (Fig. 4). The first extreme case appears when enterohepatic 
recirculation is complete (k20 = 0). When k 10 varies, both a' and p' vary 
accordingly; however, the transient 7-phase is modified to a lesser extent. 
The semi-logarithmic diagram (Fig. 40) does not give an entirely satis- 
factory description of the time process. Although the minimum (A1 min) 
and the peak (A1 max) both occur when k l o  is reduced, the magnitude 
of the gap between these two values remains almost constant and is even 
slightly increased when k 10 decreases. The second extreme case is when 
the substance is not subject to nonbiliary elimination from the body ( k l o  
= 0). When kzo varies, the initial decay remains the same; the a'-phase 
is insensitive to modifications in kzo as well as in k ~ 1  (Fig. 4b). In any case, 
the terminal half-life Tf;2 is longer when either k l o  or kzo is reduced, re- 
gardless of the other parameters' values !Appendix). If elimination occurs 
through both the kidney and the intestine, the corresponding phar- 


dL Tlmo (hours) a 10 


20{ ' & 
.... .... 


HOURS 


Figure 2-Effect of biliary excretion on pharmacokinetic profile 
without modification in time lag. For all curves, klo = 0.5, kzl = 1.0, kzo 
= 0.2 hr-l, and 7 = 1.0 hr &O < klo t Ad. Key: - - -, klz = 3.0hr-l; -, 
k12 = 1.0 hr-l; a n d . .  ., klz = 0.33 hr-l. 


macokinetic profile is intermediate between the two extremes. 
The time-delay model may also reveal what happens after oral intake 


of the drug. The relationship between pharmacokinetic profiles after 
intravenous and oral administration of a substance is shown in Fig. 5 for 
the basic model of enterohepatic circulation (1) and the model with time 
lag (kzo = 0, klz > kzl). The oral profile is smoother than the intravenous 
in both cases. How the increase in time lag affects the pharmacokinetic 
profile is further depicted in Fig. 6, where k21 > klz. When the reab- 
sorption rate is greater than the biliary excretion rate, somewhat sharper 
time profiles (Fig. 6) than in the reverse case are observed. Nevertheless, 
the conclusions are the same whenever k12 > kzl (Fig. 5) or kl2 < k21 (Fig. 
6). When the delay is present in the enterohepatic cycle, the terminal 
half-life is prolonged. When 7 increases, the 7-phase becomes first ap- 
parent (7  = 0.4) and evident afterward (7 = OA), although the gap be- 
tween the local minimum and the secondary peak is less than in the 
corresponding intravenous case. Furthermore, the customary first peak, 
though occurring sooner, is of lesser magnitude than in the standard case 
where no time delay is present. 


DISCUSSION 


The influence of a delay for drugs subject to enterohepatic circulation 
was investigated through computer simulation. The time-lag model is 
a modification of a two-compartment model first proposed by Harrison 
and Gibaldi (1). Predictions of the time-lag model on the influence of 
cholestasis on pharmacokinetics show qualitative agreement with results 
obtained through an analytical parameter sensitivity study of the basic 
model (2). However, changes in reabsorption or in intestinal elimination 
lead to different results. The basic model predicts that the n-phase is 


I \  l i m o  (hours) 


HOURS 
Figure 3-Effect of reabsorption on pharmacokinetic profile without 
modification in time lag. For all curves, klz = 3.0, klo = 0.5, k20 = 0.2 
hr- ' ,andr=l .Ohr(kZo<klo<kzo+A2) .Key:  ..., kzl =3.0hr-l;--, 
k21 = 1.0hr-I;and ---, k2l = 0.33hr-'. 
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Figure &Effect of both elimination processes on pharmacokinetic profile without modification in time lag. Parameters kl2, kzl, and T are identical 
for all simulations (k12 = 3.0, kzl = 1.0 hr-l; and T = 0.5 hr). (a) Nonbiliary elimination only (k20 = 0.0 hr-l) .  Key:. 0 a; klo = 0.33 hr-l; -, klo 
= 1.0 hr-l;  and -0-, klo = 3.0 hr-l. (b) Elimination from intestine only (klo = 0.0 hr-l). Key:. . ., klo = 0.25 hr- l ,  -0-, kzo = 0.50 hr-l; and 
---,  k20= 1.Ohr-I. 


modified when either the reabsorption rate k z l  or the intestinal elimi- 
nation rate kzo changes. Instead, when a significant delay is present in 
the enterohepatic cycling process, modifications in reabsorption or in 
intestinal elimination do not affect the initial decay of the plasma level 
after intravenous injection of the drug. 


Further basic differences between both models become apparent when 
pharmacokinetic profiles are considered after intravenous injection as 
well as after oral intake of the drug. When a time jag is present, the time 
profile is not biexponential. For the same values of the microconstants, 
the time-lag model exhibits both a more rapid decay in the initial phase 
and a slower disappearance rate for the terminal phase than the basic 
model. An increase of -50% in the terminal half-life value is not un- 
common for the range of values of microconstants and time lag studied 
here. In addition to monoexponential initial and terminal kinetics, the 
time-lag model shows specific behavior in the transient phase. Delayed 
reabsorption may lead to uncommon patterns such as rebounds, or sec- 
ondary peaks in plasma level profiles after intravenous injection or oral 
intake of the drug. Although apparently uncharacteristic, phenomenon 
of this kind were described for substances undergoing enterohepatic 
circulation such as morphine (3) and the main metabolite of vitamin DB 
(4-6). The eight-compartment model devised previously to describe 
morphine pharmacokinetics gives an adequate description of the data 
(3). I t  accounts for both rebounds in the measured levels and slow ter- 
minal kinetics, two basic features often connected with significant en- 
terohepatic circulation. The overall rate-limiting step in the model (3) 
is morphine reabsorption from the GI tract; this result may be specific 
for that drug. In spite of its relative complexity as compared with the 
eight-compartment model, the time-lag model may produce slow terminal 
kinetics even when the overall rate-limiting step does not belong to the 
enterohepatic cycling loop. Existence of a time delay in recirculation 
prolongs the terminal half-life of the drug by much more than the time 
lag itself. 


Nevertheless, the time-lag model is certainly a rough approximation 
of the underlying process. A representation of all complex physiological 
processes involved in enterohepatic circulation of a substance by two 
first-order rate constants with an additional time lag (presumably due 
to transport delay) is an oversimplification. 


Furthermore, the assumption that the time lag is constant for the 
duration of the pharmacokinetic experiment may also be an approxi- 
mation. The delay may be a function of time following slight modifica- 
tions in bile flow, or may show discontinuous variations in some species 
due to sudden emptying of the gallbladder. Furthermore, the successive 
steps of hepatic conjugation, biliary excretion of the metabolite, decon- 
jugation in the GI tract, and reabsorption of the parent drug have been 
summarized by means of only two first-order rate constants. Although 
the two-compartment time-lag model is a simplification, it seems to be 
a reasonable compromise, since it exhibits satisfactory qualitative 
agreement with existing data. 


Enterohepatic recirculation is not the only pharmacokinetic process 
where time-lag models have been shown to be valuable. Evidence for 
time-delayed response also exists for various drugs after oral intake. 
However, pharmacokinetic analysis is somewhat simpler in the latter case 
because the absorption phase (as opposed to the distribution phase) is 
affected. Nevertheless, time-lag models may be useful for pharmacoki- 
netic interpretation and substitutes for conventional standard com- 
partment models that fail to describe the data. However, even when a 
significant time-delay exists, evidence for it may be difficult to demon- 
strate. Secondary peaks in plasma level profiles may not be observable 


on all pharmacokinetic data in a series of experiments. Sensitivity analysis 
of the time-lag model has shown that moderate changes in microconstants 
and time lag among the sample subjects may lead to important variations 
in the shapes of time profiles. Predefined standard sampling, a basic re- 
quirement in most experimental protocols may be, in some cases, inap- 
propriate for detection of kinetic peculiarities. A combination of uncer- 
tainties resulting from interindividual variability, sampling, and mea- 
surement errors frequently makes it a difficult task, in practice. To decide 
whether a given uncommon feature is an artifact or a relevant kinetic 
pattern, inspection of data may not be sufficient. Additional arguments 
based on physiological knowledge should exist for the introduction of a 
time lag in a mathematical model for drug pharmacokinetics. 


A present theoretical limitation should be stressed. Computer simu- 
lation is a basic requirement for investigation, analysis, fitting to data, 
and-predictive use of the pharmacokinetic model when time lags are 
present in disposition kinetics. Less analytical results can be obtained 
in linear time-lag pharmacokinetics, as in nonlinear pharmacokinetics. 
While powerful numerical integration methods exist for the latter case 
(7), algorithms higher than first order for simulation of time-lag differ- 
ential equations are not commonly available. The development of ap- 
propriate numerical methods is, therefore, a primary condition for routine 
use of time-lag models in pharmacokinetic analysis. 


APPENDIX 


Explicit Solutions of Model I and I1 for  Initial Phase-These re- 
sults are obtained through straightforward integration of models I and 
I1 on successive intervals of duration T .  In each interval, Al(t - T )  is 
considered the forcing term of Eqs. la and l b  submitted to the appro- 
priate initial conditions. For this reason, the complexity of the solution 
increases rapidly and explicit solutions are presented only for the first 
two T intervals. 


Model I :  Single Intravenous Injection of a Dose @-Denoting K1 
= k l o  + klzandK2 = k20 t kz1 f o r 0 S  t < T :  


I I 1 I I 1 I ,  


2 4 6 8 10 
HOURS 


Figure 5-Pharmacokinetic profiles after intravenous dose and oral 
dose. For all curves, k12 = 3.0, k l o  = 1.0, kzl = 1.0, and k20 = 0.0 hr-l. 
Key: Without time lag (T  = 0): -0-, intravenous; and .  0 ., oral. With 
time lag (T = 0.8 hr): -.-, intravenous; and -, oral. 
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’“1 0.5 ? ‘ O  1 Al(t)  = D exp(-Klt) 
Az(t) = 0 


For 7 6 t 6 2 7:  


(Eq. Ala)  
(Eq. Alb) 


exp[-KZ(t - 711 (Eq. A2a) X exp[-Kl(t - T)] + - 1 Kz - K1 


exp[-Kl(t - T)] - exp[-Kz(t - 711 (Eq. A2b) 
Kz - KI I 


Model 11: Single Oral Intake of a Dose (D)-For 0 Q t Q 7: 


exp(-Klt) - exp(-Kzt) (Eq. A3a) 


(Eq. A36) 
1 kzi Al(t) = D m  [ 


A&) = D exp(-Kzt) 


and for 7 < t Q 2 7:  


[exp(-Klt) - exp(-Kzt)] kz1 Ai(t) = D- 
Kz - Ki 


2 + t - 7 + -  ) exp[-Kz(t - 7111 ( K z - K i  
(Eq. A4a) 


(Eq. A4b) 


These expressions are especially useful to validate the numerical ap- 
proximations to be used on the time interval [0,27]. 


Approximation of the Solution of Models I and I1 for Large Time 
Values-In the range of the parameter values used in the different 
simulations, it has been observed that for t greater than a given time t*  
which depends on the time-lag 7 ,  the decrease of amount of drug in body 
is monoexponential. For t > t * :  


Al(t) = A ;  exp(-p’t) (Eq. A5a) 


and 


Az(t) = A; exp(-p’t) (Eq. A5b) 


From Eqs. A5a and A56 are derived: 


In [Al(t)] = In A; - /Yt 


In [A&)] = In A; - p’t 


(Eq. A6a) 


(Eq. A6b) 


Division of both state equations (Eqs. l a  and 16) by Al(t) and A&), 
respectively, leads to: 


Equations A7a and A7b may be rewritten as: 


(Eq. A8a) A‘ 
= -(klo + klz)  + k z l  4 d[ln 


dt A1 


and: 
d[ln Azct)] - A’ 


dt A2 
- - ( k z o  + kzl) + klz 4 exp(p’7) (Eq. A86) 


Therefore: 


and: 


A i  -p’ = - ( k z o  + kzl) + klz exp(p’7) 7 
A2 


(Eq. A96) 


Elimination of the ratio A$/Ai from Eqs. A9a and A96 leads to the 
algebraic equation to be solved for p’: 


80 J 


1 
I I 


1 4 6 8 10 
Time [hours) 


HOURS 


Figure 6-Effect of time lag on pharmacokinetic profile after oral in- 
take of the drug. For all curves, klz = 1.0, klo = 0.5, kZ1 = 3.0, and kzo 
= 0.2 hr-l. Key: - - -, 7 = 0 hr; . . ., 7 = 0.5 hr; and - .-, r = 1.0 hr. 


(8’)’ - P’(kiz + kio + kzi  + kzo) 
+ (klz + klo)(kzl+ kzo)  - klzkzl exp(P’7) = 0 (Eq. A101 


With K1 = klo t k l z  and Kz = kzo + k z l ,  Eq. A10 can be rewritten 


f(p’) 4 (p’ - K1)(p’ - Kz) - klzkzl exp(P7) = 0 (Eq. A l l )  


Function f is positive for p’ = 0 and negative for p’ = K1 and p’ = Kz. 
Furthermore, its derivative is negative for p’ less than the minimum of 
K1 and Kz. So f has one unique root on [0, min (K1, Kz)]. This is the 
smallest root for p’ and the relevant one for large time values. 


Sensitivity Analysis of @-Sensitivity versus the Time Lag (7)- 


Assuming all microconstants to be kept at  a fixed value, the partial de- 
rivative of p’ with respect to 7 is deduced from the differentiation off. 
Hence: 


as: 


(Eq. A12). 


and: 


dp’ [2p’ - K1 - Kz - klzkzl 7 exp(p’~)] = p’kIZk21 exp(p’7) a7 
(Eq. A13) 


If p’ < K1 and p’ < Kz, the coefficient of dp’ld7 is negative. Further- 
more, the second member of (Eq. A13) is positive. Therefore: 


ap’ - < o  
d7 


(Eq. A14) 


For any value of the microconstants, p’ decreases when 7 increases and 
vice versa. Accordingly, the half-life increases when the time lag is en- 
hanced, regardless of the combination of microconstants. 


Sensitivity versus the Transfer Rate Constants k12 and k21-When 
partial differentiation of p’ with respect to k12 is considered, an equation 
similar to Eq. A13 is obtained. In the present case, the second member 
is equal top’ - Kz t kzl exp(p’7). The sign of dp’ldklz is the opposite 
sign of the previous expression. In abbreviated form: 


sign (dp’ldk12) = -sign[@: - Kz + kz1 exp(p’~)]  (Eq. A15) 
After replacement of k z l  exp(p’7) according to Eq. All ,  multiplication 


by k l z  (positive) and division by (p’ - Kz) (negative), it follows that: 


sign (:4 - = sign@‘ - klo)  (Eq. A16) 


According to the definition of function f (Eq. A l l )  and to its properties 


(Eq. A17a) 


(Eq. A17b) 


on the interval [0, min (K1, Kz)], the sign of (8’ - k l o )  verifies: 


p’- k l 0  > 0 Q f ( k l 0 )  > 0 


p’- k l 0  < 0 *f(k10) < 0 


As: 


f ( k d  = klzkzlll - exp(klo~)l  + k d k z o  - k10) (Eq. A18) 
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We get the following results for dp’lakl2: Similarly it can be shown that: 


(Eq. Alga) 


(Eq. A19b) 


- ap’ > 0 if kzo > k1o t A1 
dk12 


(Eq. A19c) 


where A1 = kzl(exp(k10 7 )  - 11. 
Note that the test condition does not depend on klz itself. Sensitivity 


analysis of p’ uersus k21 relies on similar algebraic manipulations. 
Therefore: 


(Eq. A20a) 


(Eq. A20c) 


where A2 = klz[exp(kzoT) - 1). 
Clear-cut results can be given in some cases. If k20 < klo, dplldkl2 is 


always negative and if kzo > klo, the same is true for dp’ldkzl, regardless 
of the combination of other parameters. For other cases, the test condition 
should be computed and applied. 


Sensitivity versus the Elimination Rate Constants klo and kzo- 
Differentiation off with respect to p’ and klo leads to: 


Asp’ is less than Kz, the second member is negative in the present case. 
Hence: 


* > O  
dkio 


(Eq. A22) 


* > O  
ak 20 


(Eq. A23) 


Therefore, an increase in elimination processes, through either k l o  or 
kzo  will always increase p’ and shorten the half-life T&. 
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Abstract A study was conducted on the influence of single and com- 
bined carriers on the dissolution rate of tolbutamide from its coprecipi- 
tates. All of the water-soluble carriers investigated enhanced the disso- 
lution rate of tolbutamide, but the combination of 40% polyethylene 
glycol 6W0-6070 dextrose as the carrier for a 1:1 coprecipitate yielded the 
most rapid dissolution of tolbutamide. Other carriers used were poly- 
ethylene glycol 6000, polyethylene glycol 4000, dextrose, and mannitol, 
alone or combined in various proportions. 


Keyphrases Tolbutamide-coprecipitates, combined water-soluble 
carriers, dissolution Solubility-combined water-soluble carriers for 
coprecipitates of tolbutamide, dissolution Dissolution-effect of 
combined water-soluble carriers, coprecipitates of tolbutamide 


The rate at which a drug dissolves from its intact or 
disintegrated and deaggregated form in the GI tract is 
often responsible for the rate at which the drug appears in 
the blood, i .e. ,  the absorption rate of the drug. When this 
is the case, dissolution is said to be the rate-limiting pro- 
cess. 


BACKGROUND 


The sulfonylurea compounds employed as oral hypoglycemic com- 
pounds are considered to be poorly water soluble. Variation in the dis- 
solution rates of these compounds has been reported (1). The influence 
of in vitro dissolution rates on the rate of decline of blood sugar levels has 
also been studied (2). Varley (3) investigated two formulations of tol- 
butamide, both generically equivalent in terms of chemical content and 
USP specifications; he found they were not equivalent as measured by 
availability of drug to the patient (serum drug levels) or on the basis of 
therapeutic efficacy (hypoglycemic response). Levy (4) found marked 
variation in the dissolution rates of two brands of tolbutamide tablets 
and recommended that patients should not change the brand of the drug 
they were taking unless the dose of the new brand was established. An- 
other report (5) showed a correlation between percentage of the tolbu- 
tamide dose excreted in the urine as its metabolite and the surface area 
of tolbutamide in the dosage form. 


The influence of povidone and polyethylene glycol 6000 on the disso- 
lution rate of tolbutamide was studied (6). It was found that both carriers 
favorably increased the dissolution rate of the drug and that a complex 
formed between the drug and povidone but not between tolbutamide and 
polyethylene glycol. Later it was found (7) that the solid dispersion of 
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Abstract  0 A GLC procedure for the determination of bromperidol in 
3-, 6-, and 10-mg tablets is described. The method is stability indicating 
in the presence of compounds structurally related to bromperidol and 
stress reaction products of bromperidol. 


Keyphrases 0 Bromperidol-GLC determination in tablets 0 
GLC-method for determining bromperidol in tablets 0 Tranquiliz- 
ers-bromperidol, determination by GLC, tablets 


Bromperidol is a new, potent, neuroleptic formulated 
in 3-, 6-, and 10-mg tablets; its chemical structure is similar 
to haloperidol. Analytical methods for haloperidol have 
included TLC (l), paper chromatography (2), spectro- 
photometry (3-51, titrimetry (6), polarography, and gas 
chromatography (7, 8), but only limited resolution data 
have been submitted for these methods. A TLC and i3 


high-performance liquid chromatographic method for the 
determination of bromperidol were reported (9). These 
procedures are selective for bromperidol in the presence 
of three possible impurities and several other butyrophe- 
nones, but resolution from stress reaction products was not 
demonstrated, limiting data to support stability-indicating 
properties. 


This paper describes a rapid, stability-indicating GLC 
procedure applicable to the determination of bromperidol 
in 3-, 6-, and 10-mg tablets. Selectivity in the presence of 
stress reaction products of bromperidol and other struc- 
turally related compounds is demonstrated. 


EXPERIMENTAL 


Reagents and Chemicals-Reagent grade octacosane (internal 
standard), cyclohexane, ethyl acetate, and sodium hydroxide were 
used. 


Instrumentation and Apparatus-The gas chromatograph' was 
equipped with an autosampler, a flame-ionization detector, and on-col 
umn injection. A laboratory data system2 was used to carry out peak in 
tegration or peak height measurement. However, peak heights could also 
be determined manually using an attenuation setting of 4 X lo3 in com- 
bination with a 10-mv strip-chart recorder (1.5 min/cm). 


Chromatographic Conditions-A 0.9-m (3 f t )  X 2-mm i.d. glass 
column, packed with 3% SE-30 on 80-100-mesh Gas Chrom Q3, wa:, 
conditioned for 24 hr a t  240" with a helium flow of -30 ml/min. For 
sample determinations, the column temperature was adjusted to 230° 
with a detector temperature of 300" and an injection port temperature 
of 250". The carrier gas was helium at  a flow rate of 40 ml/min. Oxygen 
and hydrogen were maintained at  240 and 35 ml/min, respectively. 


Preparation of Internal Standard-Approximately 100 mg of oc- 
tacosane was accurately weighed into a 100-ml volumetric flask, dissolved 
in 10.0 ml of cyclohexane, and diluted to volume with ethyl acetate (for 
a concentration of 1 mglml). 


Preparation of Bromperidol Standard Solution-Approximately 
24 mg of a suitable bromperidol reference standard was accurately 
weighed into a stoppered 50-ml centrifuge tube and dissolved in 20.0 ml 
of the internal standard solution. Then 20.0 ml of 0.1 M NaOH was added. 
After shaking for 30 min, the mixture was centrifuged to ensure phase 
separation. 


Hewlett-Packard model 5710A. 
2 Hewlett-Packard model 3354. 
3 Supelco, Bellefonte, Pa. 


Table I-Determination of Bromperidol in the  Presence of 
Placebo Tablets (n = 6) 


Average 
Amount Amount 


Added, mg Found, mg Recovery, % RSD, % Range, mg 


3.010 3.037 100.9 0.2 3.028-3.043 
6.021 6.155 102.2 0.2 6.112-6.208 


10.11 10.21 101.0 1.2 10.00-10.33 


Table  11-Maximum Er ro r  at 90 and 110% of Label Claim 
Resulting from the Use of a Single Standard (100% Claim) 
Instead of a Calibration Curve 


Maximum Error, % 
Formulation, mg 90% of Label 110% of Label 


3 
6 


10 


0.21 
-0.02 


0.69 


-0.18 


-0.56 
0.07 


Octacosane 


t a I J 
0 3 6 9 


bl I N UTES 


Figure 1-Typical chromatogram of octacosane (I mglml), and 
bromperidol (1.2 mglml). (*Impurity in octacosane.) 
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Table 111-Determination of Bromperidol in Bromperidol Tablets by GLC and by Spectrophotometry 


Whole Tablet GLC 
Determination Using Peak Areas 


Ground Composite GLC Determination 
(20 Tablets) Using Peak Areas UV Determination, 


Lot mg/l20-mg tablet n RSD, % mg mgh20-mgtablet n RSD,% mg mg/l20-mg Tablet 
Experimental Average Bromperidol, Range, Average Bromperidol, Range, Average Bromperidol, 


1 
2 
3 


3.05 6 0.3 3.04-3.07 3.03 6 0.3 3.02-3.05 3.03 
6.10 6 1.1 6.03-6.22 6.20 6 0.5 6.14-6.23 6.06 


- 9.95 10 0.4 10.14-10.25 - - _  10.19 


Table IV-Comparison of Determinations of Bromperidol in Tablets by GLC Based on Peak Heights to Similar Determinations Based 
on Peak Areas 


3-mg Tablets (Lot 1) 6-mg Tablets (Lot 2) 
Peak Height Peak Area Peak Height Peak Area Peak Height Peak Area 


10-mg Tablets (Lot 3) 


3.04 
2.99 
3.02 
3.03 
3.05 
3.08 


Average 3.04 
RSD. YO 1.0 


3.04 
3.05 
3.05 
3.07 
3.05 
3.05 
3.05 
0.3 


6.37 
6.20 
6.18 
6.12 
6.19 
6.12 
6.20 
1.5 


6.14 
6.22 
6.22 
6.20 
6.22 
6.22 
6.20 
0.5 


10.0 
10.2 
10.2 
10.2 
10.2 
10.2 
10.2 
0.8 


9.88 
9.99 


10.1 
10.0 
9.89 
9.87 
9.96 
0.9 


~~ ~ ~ ~~ ~ ~ ~ ~~ 


Table V-Relative Retention Time and Weight Response of Compounds Structurally Related to Bromperidol 


Compound 


Relative 
Reten- Relative 


tion Weight 
Time Response Compound 


Relative 
Reten- Relative 


tion Weight 
Time Response 


b 0 


1.00 


0.57 


0.80 


0.41 


1.22 


0.15 


0.05 


0.74 


1 .oo 


1.47 


0.95 


1.11 


0.34 


0.90 


0.53 


0.93 


NO - 


NO - 


NO - 


NO - 


NO - 


NO - 


Bromperidol. Octacosane. Not observed. 


RESULTS AND DISCUSSION 


Accuracy and precision were demonstrated in two ways. First, placebo 
tablets in the presence of known concentrations of bromperidol were 
assayed by the desired procedure. Results obtained for six replicate de- 
terminations of synthetic preparations representative of 3-, 6-, and 10-mg 
bromperidol tablets show average recoveries of 100.9 f 0.2,102.2 f 0.2, 
and 101.0 f 1.2%, respectively (Table I). No interference was encountered 
from the excipients. A typical chromatogram is shown in Fig. 1. 


For each formulation, the area response was linear with concentration. 
Table I1 presents the maximum error a t  90 and 110% of label claim re- 
sulting from the use of a single standard representative of 100% of label 
claim instead of a calibration curve. Since the maximum error was within 
the precision of the method, the use of a standard at  the nominal con- 
centration in place of a series of concentrations was justified. 


.4ccuracy and precision were also evaluated by comparing results ob- 
tained using the described procedure with results obtained by an inde- 
pendent UV spectrophotometric procedure. In the latter method, the 
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drug was extracted from the tablet matrix using isopropyl alcohol-0.1 
M hydrochloric acid (9:l) and diluted to a final bromperidol concentra- 
tion of 15 pglml with isopropyl alcohol-0.1 M hydrorhloric acid. The 
bromperidol present in the sample was calculated by comparing the ab- 
sorbance of the sample a t  242 nm to a similarly prepared solution of 
standard a t  a known concentration. Table 111 shows the agreement be- 
tween results obtained by both procedures using actual 3- and 6-mg 
bromperidol tablets. Equivalent results were obtained independent of 
whether ground composites or whole tablets were assayed. Table I11 also 
shows data collected on representative 10-mg tablet lots. 


The data in Table IV demonstrate that  peak heights can be used in- 
terchangeably with peak areas for quantitation. These data were deter- 
mined using individual determinations of 3-, 6-, and 10-mg tablets cal- 
culated by both techniques. Overall results as well as differences hetween 
individual results were within experimental error. 


To demonstrate the stability-indicating properties of the method, the 
chromatographic response of several compounds structurally related LO 


bromperidol were compared to bromperidol and octacosane (the internal 
standard) to establish resolution properties. Each compound was dis- 
solved in ethyl acetate-cyclohexane (9:1), and the resulting solutions were 
chromatographed. Besides bromperidol, only seven compounds produced 
discernible peaks. All compounds were chromatographed individually; 
Table V presents the relative retention times and weight responses rel- 
ative to bromperidol (the first compound). Compounds not observed were 
concluded to have either eluted with the solvent front o r  been strongly 
retained by the packing. However, none of the compounds interfered with 
the determination of bromperidol. 


T o  defend further the resolution properties of the method and, 
therefore, the stability-indicating properties, a weighed amount of 
bromperidol drug substance was heated in a capillary tube at  260" 
(melting point of bromperidol is 158'). After -30 min a t  this extreme 
temperature, the sample was partially discolored near the top of the tube; 
analysis for bromperidol indicated a drug loss of -25%. However, no extIa 
peaks were observed in the resulting chromatogram. Examination of the 
analytical regions of the resultant chromatogram using GLC-mass 
spectrometry indicated that thermal stress reaction products of hrorri- 


peridol did not elute with the drug or internal standard. 
In addition to the thermal stress experiment, an accurately weighed 


25-mg sample of bromperidol was mixed with 2 ml of 30% hydrogen 
peroxide and allowed to stand for 1 hr. The sample was mixed with 10 
ml of methanol to consume excess peroxide and evaporated to dryness 
under nitrogen. GLC analysis of the residue indicated as little as 10% 
intact drug remaining. Examination of the oxidized sample of brom- 
peridol by GLC-mass spectrometry in the analytical regions indicated 
that reaction products of bromperidol did not elute with the internal 
standard or bromperidol. 


This GLC method is specific for bromperidol in the presence of 
structurally related compounds and stress reaction products of brom- 
peridol. In addition, the procedure is accurate, reproducible, and suitable 
for stability or release analyses of bromperidol tablets. 
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Abstract  0 A high-performance liquid chromatographic method is 
presented for the determination of metoprolol in human plasma. Me- 
toprolol was extracted from plasma by a single extraction procedure with 
4-methylpropranolol as the internal standard. Chromatography was done 
on a reversed-phase column with fluorescence detection. The minimum 
detectable concentration was 5.0 ng/ml of plasma. The standard curve 
was linear in the range evaluated, 10-300 ng/nil. The within-run coeffi- 
cient of variation was 2.3-6.0%, and the day-to-day variation was 6.891. 
The method is free from interference by major metoprolol metabo- 
lites. 


Keyphrases 0 Metoprolol-high-performance liquid chromatographic 
analysis in plasma 0 8-Adrenergic blocking agents-metoprolol, high- 
performance liquid chromatographic analysis in plasma 0 High-per- 
formance liquid chromatography-analysis of metoprolol in plasma 


Metoprolol is a cardioselective /3-adrenergic blocking 
agent used in the treatment of hypertension and angina. 
Analysis of metoprolol in plasma has been performed with 
electron-capture GLC after derivatization (1, 2), and a 
GC-mass spectroscopy method was recently developed 
(3). 


This report describes a high-performance liquid chro- 


matographic (HPLC) method for the determination of 
metoprolol in plasma using reversed-phase ion-pair 
chromatography with fluorescence detection. The same 
approach has been used for other P-adrenergic blocking 
drugs such as propranolol(4,5), atenolol(6,7), and sotalol 
(8). 


EXPERIMENTAL 


Reagents-The following were used: metoprolol tartrate', why- 
droxymetoprolol', and O-desmethylmetoprololl as the p-hydroxyhenzoic 
acid salts; and 4-(2-hydroxy-3-isopropylaminopropoxy)pheny~acetir 
acid', 2-hydroxy-3-(4-methyoxyethylphenoxy)propanoic acid', and 4- 
methylpropranolo12 as the hydrochloride salts. Methanol3 was HPLC 
grade. 1-Heptanesulfonic acid4 in acetic acid was used. Glass double- 
distilled water was passed through a 0.45-pm filter5. Methylene chloride 
was reagent grade and distilled just before use. 


Instrument  Conditions-The microprocessor-controlled high-per- 


Hassle, Molndal, Sweden 
Imperial Chemical Industries, Macclesfield, England 
Burdick & Jackson Laboratories, Muskegon, Mich. 


Type HA Millipore Corp., Bedford. Mass. 
.I Reagent B-7, Waters Associates, Milford, Mass. 
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from higher plants and microbial sources which were not covered else- 
where in the text but of sufficient scientific interest as possible new 
agents. 


fletlieured by Iris H. Hall 
Department of Medicinal Chemistry 
School of Pharmacy 
[Jniuersity of North Carolina 
Chapel Hill, NC 27514 


Terpenoids and Steroids, Vol. 10. Senior Reporter, J. R. HANSON. The 
Royal Society of Chemistry. Burlington House, London W1V OBN, 
England. 1981. 284 pp. 15 X 23 cm. (Available from: Special Issues 
Sales, American Chemical Society, 1155 16th Street, N.W., Washing- 
ton, DC 20036.) 
This is the 10th volume on terpenoids and steroids in the valuable series 


first puhlished 11 years ago. The aim of the series is to provide systematic, 
comprehensive, and critical reviews of progress in the major areas of 
chemical research. This volume reviews literature published between 
September 1978 and August 1979. 


Volume 10 does not contain a subject index hut is organized in a sys- 
tematic manner that facilitates the location of information. There is also 
an extensive author index which is helpful to those following the research 
of a given individual. The  book contains 1700 chemical structures and 
is documented with 1900 references, conveniently listed on the page of 
each chapter where first noted. 


Part I, which covers the terpenoids, is divided into chapters that in- 
clude sesquiterpenoids, diterpenoids, triterpenoids. and carotenoids and 
polyterpenoids. Chapters on monoterpenoids and the biosynthesis of 
terpenoids and steroids, unlike many of the earlier volumes, are not in- 
cluded. The chapter on monoterpenoids will be included in the next 
volume. 


Part  11, which covers the steroids, is divided into two chapters. The 
chapter on physical methods includes sections on structure and confor- 
mation, NMR spectroscopy, chiroptical phenomenon, mass spectrometry, 
miscellaneous physical properties, and analytical methods. The chapter 
on steroid reactions and partial syntheses contains sections devoted to 
each of these topics. 


The first section is divided topically according to the more common 
tunctional groups and such important subjects as molecular rearrange- 
ments, f'unctionalization of nonactivated positions, and photochemical 
reactions. The second section on partial syntheses, covers cholestane 
derivatives, vitamin D and its metabolites, pregnanes, androstanes and 
oestranes, cardenolides, heterocyclic steroids, and microbiological oxi- 
dations. 


An unusual variety of terpenoid st.ructures, particularly from insect 
and marine sources, has been included in this volume. The sharp increase 
in the use of high-field 'H-NMR and ' C N M R  is evident in this re- 
view. 


The  six reporters who prepared this volume are to be commended for 
maintaining the high standards set by the previous volumes in this series. 
Everyone interested in the chemistry of terpenoids and/or steroids should 
have access to this volume and the others in the series. 


Reuieuwd by Norman J. Doorenhos 
College of Science 
SOU thern Illinois University 


at Carbondale 
Carbondale, I L  62901 


Lexikon der Hilfsstoffe fu r  Pharmazie, Kosmetik und angrenzende 
Gebiete. By HERBERT P. FIEDLER, Editio Cantor Aulendorf, 
D-7960 Aulendorf, West Germany, 2 Volumes, 1081 pp.. 17 X 24 cm., 
1981, Price: 245 DM. 
In view of the scarcity of textbooks dealing exclusively with excipients, 


the revised and expanded edition of the Lexikon der Hilfsstoffe is a timely 
contribution to the reference libraries of pharmaceutical companies, 


regulatory agencies, and schools of pharmacy. Comparison of the contents 
with the original one-volume edition published in 1970 demonstrates the 
evolution of a broader and more critical attitude toward available tech- 
nical information on excipients. 


The author has provided a series of  tables listing specific physical 
propert.ies of excipients, types of surfactants used in pharmaceutical or 
cosmetic preparations, HLB values, MAC (maximum workplace con- 
centration) values, colorants suitable for cosmetic preparations, and a 
table of the German and English titles of selected excipients together with 
their Merck Index and Chemical Abstracts Registry Numbers where 
appropriate. 


The main hody of the text lists excipients in alphabetical order with 
information on t,heir physical, chemical, and biological properties. There 
is considerable variation in coverage between excipients, which reflects 
the author's judgment or the extent of information available to him. It 
is clear that Dr. Fiedler has made a special effort to make these volumes 
useful to English-speaking pharmaceutical scientists. However, the 
construction of some of the interminable German sentences may create 
impatience in readers with a limited knowledge of the language. 


As far as this reviewer knows, no similarly detailed encyclopedia of 
excipients has appeared in the English language. Until this gap is properly 
filled, the Lexihon der Hilfsstoffe will remain a valuable source book for 
pharmaceutical scientists engaged in dosage form design, production, 
and control. 


Reviewed bv Jack Cooper 
School of Pharmacy 
Uniuersity of California 
San Francisco, CA  94143 


USAN and  the USP Dictionary of Drug  Names 1982. United States 
Pharmacopeial Convention, 12601 Twinbrook Parkway, Rockville, MD 
20852.1981.614 pp. 21 X 28 cm. Price $25.00 (Foreign: $40.00 A 0  rate, 
$27.00 surface rate). 
The  1982 edition of USAN and the USP Dictionary of Drug Names 


has been updated in some subtle but important ways. The entry format 
and familiar orange cover are the same but the book itself' IS 104 pages 
longer than last year. There are 96 new adopted names in this edition, 
inclusive to June 15, 1981. Many International Nonproprietary Names 
and graphic formulas from the World Health Organization's listings have 
been added as well as the molecular weights of compounds where ap- 
propriate. 


There are over 17,000 entries and 2043 adopted names in this issue. 
'I'he three appendixes and five lists that  appear in the back of the book 
a ~ . .  the same as last year. 


USAN is the officially recognized source of drug names for the USP, 
the National Formulary, and the major source used by the FDA in re- 
ferring to drug substances. Consequently, this book is an invaluable 
reference to those in the drug trade and health professionals. 


Staff Reuiew 


Synthesis wi th  S tab le  Isotopes of Carbon, Nitrogen, and  Oxygen. 
By DONALD G. OTT. Wiley, 605 Third Ave., New York, NY 10016. 
1981. 224 pp. 16 X 24 cm. Price $28.50. 
This book is designed for chemists who are confronted with the need 


to prepare a compound with a stable isotope of carbon, nitrogen, or 
oxygen. I t  is intended to he useful for individuals actively involved in 
labeled compound synthesis as well as for chemists just entering the 
field. 


Although compounds are presented in chapters according to lunctional 
groups, not all compounds appear in designated chapters. However, the 
text contains an index that lists all labeled compounds. The compounds 
are cited in the index as a product of synthetic procedures or as a reactant. 
Unfortunately, the index does not indicate information other than the 
compounds. 


Journal of Pharmaceutical Sciences I 479 
Vol. 71, No. 4, April 1982 












from higher plants and microbial sources which were not covered else- 
where in the text but of sufficient scientific interest as possible new 
agents. 


fletlieured by Iris H. Hall 
Department of Medicinal Chemistry 
School of Pharmacy 
[Jniuersity of North Carolina 
Chapel Hill, NC 27514 


Terpenoids and Steroids, Vol. 10. Senior Reporter, J. R. HANSON. The 
Royal Society of Chemistry. Burlington House, London W1V OBN, 
England. 1981. 284 pp. 15 X 23 cm. (Available from: Special Issues 
Sales, American Chemical Society, 1155 16th Street, N.W., Washing- 
ton, DC 20036.) 
This is the 10th volume on terpenoids and steroids in the valuable series 


first puhlished 11 years ago. The aim of the series is to provide systematic, 
comprehensive, and critical reviews of progress in the major areas of 
chemical research. This volume reviews literature published between 
September 1978 and August 1979. 


Volume 10 does not contain a subject index hut is organized in a sys- 
tematic manner that facilitates the location of information. There is also 
an extensive author index which is helpful to those following the research 
of a given individual. The  book contains 1700 chemical structures and 
is documented with 1900 references, conveniently listed on the page of 
each chapter where first noted. 


Part I, which covers the terpenoids, is divided into chapters that in- 
clude sesquiterpenoids, diterpenoids, triterpenoids. and carotenoids and 
polyterpenoids. Chapters on monoterpenoids and the biosynthesis of 
terpenoids and steroids, unlike many of the earlier volumes, are not in- 
cluded. The chapter on monoterpenoids will be included in the next 
volume. 


Part  11, which covers the steroids, is divided into two chapters. The 
chapter on physical methods includes sections on structure and confor- 
mation, NMR spectroscopy, chiroptical phenomenon, mass spectrometry, 
miscellaneous physical properties, and analytical methods. The chapter 
on steroid reactions and partial syntheses contains sections devoted to 
each of these topics. 


The first section is divided topically according to the more common 
tunctional groups and such important subjects as molecular rearrange- 
ments, f'unctionalization of nonactivated positions, and photochemical 
reactions. The second section on partial syntheses, covers cholestane 
derivatives, vitamin D and its metabolites, pregnanes, androstanes and 
oestranes, cardenolides, heterocyclic steroids, and microbiological oxi- 
dations. 


An unusual variety of terpenoid st.ructures, particularly from insect 
and marine sources, has been included in this volume. The sharp increase 
in the use of high-field 'H-NMR and ' C N M R  is evident in this re- 
view. 


The  six reporters who prepared this volume are to be commended for 
maintaining the high standards set by the previous volumes in this series. 
Everyone interested in the chemistry of terpenoids and/or steroids should 
have access to this volume and the others in the series. 


Reuieuwd by Norman J. Doorenhos 
College of Science 
SOU thern Illinois University 


at Carbondale 
Carbondale, I L  62901 


Lexikon der Hilfsstoffe fu r  Pharmazie, Kosmetik und angrenzende 
Gebiete. By HERBERT P. FIEDLER, Editio Cantor Aulendorf, 
D-7960 Aulendorf, West Germany, 2 Volumes, 1081 pp.. 17 X 24 cm., 
1981, Price: 245 DM. 
In view of the scarcity of textbooks dealing exclusively with excipients, 


the revised and expanded edition of the Lexikon der Hilfsstoffe is a timely 
contribution to the reference libraries of pharmaceutical companies, 


regulatory agencies, and schools of pharmacy. Comparison of the contents 
with the original one-volume edition published in 1970 demonstrates the 
evolution of a broader and more critical attitude toward available tech- 
nical information on excipients. 


The author has provided a series of  tables listing specific physical 
propert.ies of excipients, types of surfactants used in pharmaceutical or 
cosmetic preparations, HLB values, MAC (maximum workplace con- 
centration) values, colorants suitable for cosmetic preparations, and a 
table of the German and English titles of selected excipients together with 
their Merck Index and Chemical Abstracts Registry Numbers where 
appropriate. 


The main hody of the text lists excipients in alphabetical order with 
information on t,heir physical, chemical, and biological properties. There 
is considerable variation in coverage between excipients, which reflects 
the author's judgment or the extent of information available to him. It 
is clear that Dr. Fiedler has made a special effort to make these volumes 
useful to English-speaking pharmaceutical scientists. However, the 
construction of some of the interminable German sentences may create 
impatience in readers with a limited knowledge of the language. 


As far as this reviewer knows, no similarly detailed encyclopedia of 
excipients has appeared in the English language. Until this gap is properly 
filled, the Lexihon der Hilfsstoffe will remain a valuable source book for 
pharmaceutical scientists engaged in dosage form design, production, 
and control. 


Reviewed bv Jack Cooper 
School of Pharmacy 
Uniuersity of California 
San Francisco, CA  94143 


USAN and  the USP Dictionary of Drug  Names 1982. United States 
Pharmacopeial Convention, 12601 Twinbrook Parkway, Rockville, MD 
20852.1981.614 pp. 21 X 28 cm. Price $25.00 (Foreign: $40.00 A 0  rate, 
$27.00 surface rate). 
The  1982 edition of USAN and the USP Dictionary of Drug Names 


has been updated in some subtle but important ways. The entry format 
and familiar orange cover are the same but the book itself' IS 104 pages 
longer than last year. There are 96 new adopted names in this edition, 
inclusive to June 15, 1981. Many International Nonproprietary Names 
and graphic formulas from the World Health Organization's listings have 
been added as well as the molecular weights of compounds where ap- 
propriate. 


There are over 17,000 entries and 2043 adopted names in this issue. 
'I'he three appendixes and five lists that  appear in the back of the book 
a ~ . .  the same as last year. 


USAN is the officially recognized source of drug names for the USP, 
the National Formulary, and the major source used by the FDA in re- 
ferring to drug substances. Consequently, this book is an invaluable 
reference to those in the drug trade and health professionals. 


Staff Reuiew 


Synthesis wi th  S tab le  Isotopes of Carbon, Nitrogen, and  Oxygen. 
By DONALD G. OTT. Wiley, 605 Third Ave., New York, NY 10016. 
1981. 224 pp. 16 X 24 cm. Price $28.50. 
This book is designed for chemists who are confronted with the need 


to prepare a compound with a stable isotope of carbon, nitrogen, or 
oxygen. I t  is intended to he useful for individuals actively involved in 
labeled compound synthesis as well as for chemists just entering the 
field. 


Although compounds are presented in chapters according to lunctional 
groups, not all compounds appear in designated chapters. However, the 
text contains an index that lists all labeled compounds. The compounds 
are cited in the index as a product of synthetic procedures or as a reactant. 
Unfortunately, the index does not indicate information other than the 
compounds. 


Journal of Pharmaceutical Sciences I 479 
Vol. 71, No. 4, April 1982 












We get the following results for dp’lakl2: Similarly it can be shown that: 


(Eq. Alga) 


(Eq. A19b) 


- ap’ > 0 if kzo > k1o t A1 
dk12 


(Eq. A19c) 


where A1 = kzl(exp(k10 7 )  - 11. 
Note that the test condition does not depend on klz itself. Sensitivity 


analysis of p’ uersus k21 relies on similar algebraic manipulations. 
Therefore: 


(Eq. A20a) 


(Eq. A20c) 


where A2 = klz[exp(kzoT) - 1). 
Clear-cut results can be given in some cases. If k20 < klo, dplldkl2 is 


always negative and if kzo > klo, the same is true for dp’ldkzl, regardless 
of the combination of other parameters. For other cases, the test condition 
should be computed and applied. 


Sensitivity versus the Elimination Rate Constants klo and kzo- 
Differentiation off with respect to p’ and klo leads to: 


Asp’ is less than Kz, the second member is negative in the present case. 
Hence: 


* > O  
dkio 


(Eq. A22) 


* > O  
ak 20 


(Eq. A23) 


Therefore, an increase in elimination processes, through either k l o  or 
kzo  will always increase p’ and shorten the half-life T&. 
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Abstract A study was conducted on the influence of single and com- 
bined carriers on the dissolution rate of tolbutamide from its coprecipi- 
tates. All of the water-soluble carriers investigated enhanced the disso- 
lution rate of tolbutamide, but the combination of 40% polyethylene 
glycol 6W0-6070 dextrose as the carrier for a 1:1 coprecipitate yielded the 
most rapid dissolution of tolbutamide. Other carriers used were poly- 
ethylene glycol 6000, polyethylene glycol 4000, dextrose, and mannitol, 
alone or combined in various proportions. 


Keyphrases Tolbutamide-coprecipitates, combined water-soluble 
carriers, dissolution Solubility-combined water-soluble carriers for 
coprecipitates of tolbutamide, dissolution Dissolution-effect of 
combined water-soluble carriers, coprecipitates of tolbutamide 


The rate at which a drug dissolves from its intact or 
disintegrated and deaggregated form in the GI tract is 
often responsible for the rate at which the drug appears in 
the blood, i .e. ,  the absorption rate of the drug. When this 
is the case, dissolution is said to be the rate-limiting pro- 
cess. 


BACKGROUND 


The sulfonylurea compounds employed as oral hypoglycemic com- 
pounds are considered to be poorly water soluble. Variation in the dis- 
solution rates of these compounds has been reported (1). The influence 
of in vitro dissolution rates on the rate of decline of blood sugar levels has 
also been studied (2). Varley (3) investigated two formulations of tol- 
butamide, both generically equivalent in terms of chemical content and 
USP specifications; he found they were not equivalent as measured by 
availability of drug to the patient (serum drug levels) or on the basis of 
therapeutic efficacy (hypoglycemic response). Levy (4) found marked 
variation in the dissolution rates of two brands of tolbutamide tablets 
and recommended that patients should not change the brand of the drug 
they were taking unless the dose of the new brand was established. An- 
other report (5) showed a correlation between percentage of the tolbu- 
tamide dose excreted in the urine as its metabolite and the surface area 
of tolbutamide in the dosage form. 


The influence of povidone and polyethylene glycol 6000 on the disso- 
lution rate of tolbutamide was studied (6). It was found that both carriers 
favorably increased the dissolution rate of the drug and that a complex 
formed between the drug and povidone but not between tolbutamide and 
polyethylene glycol. Later it was found (7) that the solid dispersion of 
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Figure 1-Dissolution profiles of tolbutamide f rom its coprecipitates 
using single carriers. Total amount of tolbutamide: 62.5 mg. Key: V, 
tolbutamide recrystallized from methanol; , tolbutamide USP; 0, 
tolbutamide with mannitol; a, tolbutamide with dextrose; 0 ,  tolbuta- 
rnide with polyethylene glycol 6000; and 0, tolbutamide with polyeth- 
ylene glycol 4000. 


tolbutamide in polyethylene glycol and in povidone increased the ab- 
sorption of the drug and shortened its peak time from 3 hr to  <1 hr. Re- 
cent reports (8,9) compared the effect of polyethylene glycol and poly- 
oxyethylene stearate on the dissolution rate and solution properties of 
tolbutamide from solid dispersions. Sugar combinations have been em- 
ployed to increase the dissolution rates of hydrocortisone and prednisone 
(10). 


In the present study, the coprecipitation technique was applied to 
enhance the dissolution rate of tolbutamide. Single and combined 
water-soluble carriers were utilized and their effects on dissolution rates 
were compared. 


EXPERIMENTAL 


Materials-Tolbutamide', polyethylene glycol 60002, polyethylene 
glycol 40002, dextrose anhydrous3, and mannito13 were obtained com- 
mercially. 


Preparation of Tolbutamide Coprecipitates-Quantities to make 
1:l coprecipitates of tolbutamide and carried4 were weighed accurately 
and dissolved in a sufficient volume of methanol4. The temperature was 
raised to 37", and the solvent was allowed to  evaporate under the hood, 
stirring continuously. When evaporation was almost complete, the re- 
sulting coprecipitate was removed from the container using a spatula, 
and placed i n  uacuo for 24 hr. The coprecipitates were sieved and the 
1W200 mesh fraction was separated and kept in a desiccator for analysis 
and dissolution studies. The tolbutamide coprecipitate compositions are 
shown in Table I. 


Dissolution Profiles of Tolbutamide and Tolbutamide Copreci- 
pitates-The dissolution rate studies of tolbutamide and its coprecipi- 
tates were done in a dissolution apparatus5 a t  25 f 0.5". Nine-hundred 


1 The Upjohn Co., Kalamazoo, Mich. 


3 Matheson Coleman and Bell Manufacturing Chemists, Norwood, Ohio. 
4 Fisher Scientific Co., Fair Lawn, N.J. 


Union Carbide Corp., New York, N.Y. 


Easi-Lift model 72SL dissolution apparatus, Hanson Research Corp., North- 
ridge, Calif. 


Kimble model 28630 gas dispersion tube, size 12-C, Owens-Illinois, Toledo, 


K-75 three-way stopcock, Pharmaseal Inc., Toa Alta, Puerto Rico. * Beckman model 25 spectrophotometer, Beckman Instruments Inc., Fullerton, 


Ohio. 


Calif. 
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Table I-Composition of 1:l Tolbutamide Coprecipitates 


90.- 


80 


7 0  


z 
0 6 0 -  
I- 


i 


3 a 
5 0 -  


~ ~ 


Polyethylene 
Glycol 6000, % 


- 


- 


Dextrose, % 


UI 


Q 
5 3 40-  
3 
rn 
-I 
0 
I- 30- 


20  


10 


100 
80 
70 
60 
40 
20 
0 


Polyethylene 
glycol 4000,% 


- 


- 


0 
20 
30 
40 
60 
80 


100 


Mannitol, % 


100 0 
80 20 
60 40 
50 50 
40 60 
20 80 
0 100 


are shown in Fig. 1. The dissolution profiles of tolbutamide from the two 
combination carrier systems (polyethylene glycol 6000-dextrose and 
polyethylene glycol 4000-mannitol) are shown in Figs. 2 and 3, respec- 
tively. Each point in these plots corresponds to the average of six deter- 
minations. The dissolution studies of tolbutamide from its coprecipitates 
showed that the presence of the water-soluble carrier enhanced the dis- 
solution rate of the drug in all cases as compared with plain and recrys- 
tallized tolbutamide. From Fig. 1 it can be seen that the increase in the 
dissolution rate of tolbutamide was more pronounced when polyethylene 
glycol 4000 was used as the carrier than when polyethylene glycol 6000 
was +he drug vehicle. Dextrose alone and mannitol alone produced little 
increase in dissolution rate, but the combination of these carriers with 
polyethylene glycol 6000 and polyethylene glycol 4000 produced a large 
increase in dissolution rate of the drug in all proportions studied. The 
combination of 40% polyethylene glycol 6000-60% dextrose produced 
the highest dissolution rate of tolbutamide from its coprecipitates. If 
single carriers were desired, polyethylene glycol 4000 would be the carrier 
of choice with 44% of drug released after 10 min of the dissolution test. 
When carrier combinations were studied, -60% of the drug was dissolved 
after 10 min for a coprecipitate of the drug in 40% polyethylene glycol 
600040% dextrose. Approximately the same results were obtained when 
50% polyethylene glycol 400&5@% mannitol was employed. I t  can be seen 
from Figs. 1-3 that the amount of the drug dissolved increased more than 
15 times during the first 10 min of the dissolution study as compared with 
the dissolution of recrystallized tolbutamide; it was -3 times higher after 
1 hr when the drug was dispersed in a 40% polyethylene glycol 600040% 
dextrose mixture. When mannitol was the carrier, the amount dissolved 
increased only -1.5 times indicating that mannitol, in the ratio of drug 
to carrier investigated (l : l) ,  was a poor carrier for tolbutamide. Poly- 
ethylene glycol 6000 has been extensively used as a water-soluble carrier 
for slightly soluble drugs and has been claimed as a universal carrier. 
However, in this case the amount of drug dissolved increased only -5 
times as compared with the dissolution of recrystallized tolbutamide. 


I t  is important to point out that only the 1:l coprecipitates were in- 
vestigated and that the enhancement of dissolution rates of tolbutamide 
from its coprecipitates would be expected to increase when the ratio of 
drug to carrier is diminished. 


CONCLUSIONS 
The 100-200 mesh fraction of the 1:l coprecipitates of tolbutamide 


with dextrose, mannitol, polyethylene glycol 6000, polyethylene glycol 
4000, and combinations of polyethylene glycol 6000-dextrose and poly- 
ethylene glycol 4000-mannitol in different proportions showed a faster 
dissolution in uiuo than plain tolbutamide or tolbutamide recrystallized 
from methanol. 


The use of combined carriers in the preparation of the coprecipitates 
of tolbutamide constituted an advantage over the formulation of the solid 
dispersions in a single carrier. The carrier combination consisting of 40% 
polyethylene glycol 6000-60% dextrose provided the fastest dissolution 
of the drug from its coprecipitate. Since polyethylene glycol 4000 alone 
produced a faster dissolution of tolbutamide than polyethylene glycol 
6000 alone, and dextrose alone gave a faster dissolution of the drug than 
did mannitol alone, it is probable that combinations of polyethylene 
glycol 4000-dextrose would result in a better carrier system for tolbuta- 
mide. Further investigation is needed to support this suggestion. 


01 I I I I I I 
0 10 20 30 40 50 60 


MINUTES 
Figure 3-Dissolution profiles of tolbutamide f rom its coprecipitates 
in polyethylene glycol 4000-mannitol carrier systems. Total amount 
of tolbutamide: 62.5 rng. Key: V, tolbutamide recrystallized from 
methanol; ., tolbutamide USP; 0 ,  tolbutamide with mannitol; 0, 
tolbutamide with 20% polyethylene glycol 4000-80”;: mannitol; 0 ,  
tolbutamide with polyethylene glycol 4000; 0, tolbutamide with 80Sb 
polyethylene glycol 4000-2070 rnannitol; 0, tolbutarnide with 40% 
polyethylene glycol 400040% mannitol; A ,  tolbutamide with 60% 
polyethylene glycol 4000-409; mannitol; A, tolbutamide with 504; 
polyethylene glycol 4000-50% mannitol. 
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drug was extracted from the tablet matrix using isopropyl alcohol-0.1 
M hydrochloric acid (9:l) and diluted to a final bromperidol concentra- 
tion of 15 pglml with isopropyl alcohol-0.1 M hydrorhloric acid. The 
bromperidol present in the sample was calculated by comparing the ab- 
sorbance of the sample a t  242 nm to a similarly prepared solution of 
standard a t  a known concentration. Table 111 shows the agreement be- 
tween results obtained by both procedures using actual 3- and 6-mg 
bromperidol tablets. Equivalent results were obtained independent of 
whether ground composites or whole tablets were assayed. Table I11 also 
shows data collected on representative 10-mg tablet lots. 


The data in Table IV demonstrate that  peak heights can be used in- 
terchangeably with peak areas for quantitation. These data were deter- 
mined using individual determinations of 3-, 6-, and 10-mg tablets cal- 
culated by both techniques. Overall results as well as differences hetween 
individual results were within experimental error. 


To demonstrate the stability-indicating properties of the method, the 
chromatographic response of several compounds structurally related LO 


bromperidol were compared to bromperidol and octacosane (the internal 
standard) to establish resolution properties. Each compound was dis- 
solved in ethyl acetate-cyclohexane (9:1), and the resulting solutions were 
chromatographed. Besides bromperidol, only seven compounds produced 
discernible peaks. All compounds were chromatographed individually; 
Table V presents the relative retention times and weight responses rel- 
ative to bromperidol (the first compound). Compounds not observed were 
concluded to have either eluted with the solvent front o r  been strongly 
retained by the packing. However, none of the compounds interfered with 
the determination of bromperidol. 


T o  defend further the resolution properties of the method and, 
therefore, the stability-indicating properties, a weighed amount of 
bromperidol drug substance was heated in a capillary tube at  260" 
(melting point of bromperidol is 158'). After -30 min a t  this extreme 
temperature, the sample was partially discolored near the top of the tube; 
analysis for bromperidol indicated a drug loss of -25%. However, no extIa 
peaks were observed in the resulting chromatogram. Examination of the 
analytical regions of the resultant chromatogram using GLC-mass 
spectrometry indicated that thermal stress reaction products of hrorri- 


peridol did not elute with the drug or internal standard. 
In addition to the thermal stress experiment, an accurately weighed 


25-mg sample of bromperidol was mixed with 2 ml of 30% hydrogen 
peroxide and allowed to stand for 1 hr. The sample was mixed with 10 
ml of methanol to consume excess peroxide and evaporated to dryness 
under nitrogen. GLC analysis of the residue indicated as little as 10% 
intact drug remaining. Examination of the oxidized sample of brom- 
peridol by GLC-mass spectrometry in the analytical regions indicated 
that reaction products of bromperidol did not elute with the internal 
standard or bromperidol. 


This GLC method is specific for bromperidol in the presence of 
structurally related compounds and stress reaction products of brom- 
peridol. In addition, the procedure is accurate, reproducible, and suitable 
for stability or release analyses of bromperidol tablets. 
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Abstract  0 A high-performance liquid chromatographic method is 
presented for the determination of metoprolol in human plasma. Me- 
toprolol was extracted from plasma by a single extraction procedure with 
4-methylpropranolol as the internal standard. Chromatography was done 
on a reversed-phase column with fluorescence detection. The minimum 
detectable concentration was 5.0 ng/ml of plasma. The standard curve 
was linear in the range evaluated, 10-300 ng/nil. The within-run coeffi- 
cient of variation was 2.3-6.0%, and the day-to-day variation was 6.891. 
The method is free from interference by major metoprolol metabo- 
lites. 


Keyphrases 0 Metoprolol-high-performance liquid chromatographic 
analysis in plasma 0 8-Adrenergic blocking agents-metoprolol, high- 
performance liquid chromatographic analysis in plasma 0 High-per- 
formance liquid chromatography-analysis of metoprolol in plasma 


Metoprolol is a cardioselective /3-adrenergic blocking 
agent used in the treatment of hypertension and angina. 
Analysis of metoprolol in plasma has been performed with 
electron-capture GLC after derivatization (1, 2), and a 
GC-mass spectroscopy method was recently developed 
(3). 


This report describes a high-performance liquid chro- 


matographic (HPLC) method for the determination of 
metoprolol in plasma using reversed-phase ion-pair 
chromatography with fluorescence detection. The same 
approach has been used for other P-adrenergic blocking 
drugs such as propranolol(4,5), atenolol(6,7), and sotalol 
(8). 


EXPERIMENTAL 


Reagents-The following were used: metoprolol tartrate', why- 
droxymetoprolol', and O-desmethylmetoprololl as the p-hydroxyhenzoic 
acid salts; and 4-(2-hydroxy-3-isopropylaminopropoxy)pheny~acetir 
acid', 2-hydroxy-3-(4-methyoxyethylphenoxy)propanoic acid', and 4- 
methylpropranolo12 as the hydrochloride salts. Methanol3 was HPLC 
grade. 1-Heptanesulfonic acid4 in acetic acid was used. Glass double- 
distilled water was passed through a 0.45-pm filter5. Methylene chloride 
was reagent grade and distilled just before use. 


Instrument  Conditions-The microprocessor-controlled high-per- 


Hassle, Molndal, Sweden 
Imperial Chemical Industries, Macclesfield, England 
Burdick & Jackson Laboratories, Muskegon, Mich. 


Type HA Millipore Corp., Bedford. Mass. 
.I Reagent B-7, Waters Associates, Milford, Mass. 
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Figure 1-Liquid chromatograms of 1-rnl plasma extracts. Key: A, 
blank plasma sample of a cardiac patient spiked iuith 30 nglml of the 
internal standard (570 sec); and B, plasma of the same patient 4 hr after 
oral intake of 100 mg of metoprolol and spiked ioith 30 nglml of the in- 
ternal standard. Retention times were 401 and 572 sec for metoprolo1 
and the internal standard, respectiuely. The plasma metoprolol con- 
centration in this patient was calculated t o  be 46 ng/ml. The peak a t  
314 sec is probably a-hydroxymetoprolol. 


formance liquid chromatograph6 was equipped with a fluorescence de- 
tector7. The effluent was monitored at  an excitation wavelength of 220 
nm with a 295-nm UV interference filter to set the emission wave- 
length. 


A reversed-phase columns (25-cm long X 4-mm i.d.) was maintained 
at  40'. The flow rate of the helium-degassed mobile phase was 1.0 ml/min. 
Samples were injected into the chromatograph uia an injectorg equipped 
with a 10-pl loop. 


Mobile Phase-1-Heptanesulfonic acid (25 ml) in acetic acid was 
mixed with 1 liter of distilled water (Solvent A), and 25 ml of the same 
acid solution was mixed with 1 liter of methanol (Solvent B). The mobile 
phase was a mixture of Solvents A and B (15:85 v/v). 


Procedure-One milliliter of plasma, 30 pl of the internal standard 
solution (1 pg/ml in methanol), 0.5 ml of 1.0 N NaOH, and 4 ml of 
methylene chloride were added to a 10-ml glass-stoppered centrifuge 
tube. The mixture was vortexed for 30 sec and then centrifuged for 5 min 
a t  5000 rpm. The organic phase was transferred to a 6-ml glass-stoppered 
conical tube, evaporated to dryness under nitrogen a t  room temperature, 
and reconstituted in 15 jd of the mobile phase. An aliquot of this solution 
was injected. 


RESULTS AND DISCUSSION 


The efficiency of the extraction recovery for metoprolol (100 ng/ml) 
was 76.9% with a coefficient of variation of 3.1%. Over the 10-300-ng/ml 


Spectra Physics, SP-8000. Eindhoven, The Netherlands. 
F.S. 970, Schoeffel Instruments Corp., West Germany. 
Lichrosorh 10 RP 8, Chrompack, Merksem, Belgium. 
Spectra Physics, S P  8000 automatic injector, Eindhoven, The Netherlands 


Table  I-Within-Run Accuracy and  Precision for Metoprolol a 


Concentration, Mean Result, 
ng/ml % CV,% 


30 
50 


100 


103.1 
105.6 
100.9 


6.0 
5.3 
2.3 


O n = 5  


plasma range studied, the standard curve was linear. The standard curves 
analyzed over 1 month ( n = l l )  gave a mean regression (*SO) of y = 
0.0104 (60.0008)~ + 0.0054 (60.0050) with r = 0.9987 (f0.0011), where 
y is the metoprolol peak height divided by the 4-methylpropranolol peak 
height and x is the concentration of metoprolol (nanograms of free base 
per milliliter). 


The reproducibility of the method was demonstrated by a day-to-day 
coefficient of variation of 6.8% (n =11) using pooled plasma spiked with 
metoprolol (50 ng/ml) and analyzed over 1 month. The within-run 
coefficients of variation and accuracy are given in Table I. 


The detection limit of this assay with the described instrumentation 
and procedure was -5 ng/ml of plasma. 


Assay of samples spiked with a number of commonly used cardiovas- 
cular drugs showed that procainamide interferes with the internal 
standard. Plasma samples obtained from 40 cardiac patients taking drugs 
such as nitrates and other antianginal agents, antiarrhythmic agents, 
diuretics, antibiotics, theophylline, aspirin, dipyridamole, and benzo- 
diazepines were analyzed. Only in quinidine-treated patients was there 
a problem since quinidine metabolites interfered with metoprolol on the 
chromatogram. 


An example of the chromatogram obtained from the plasma of a cardiac 
patient is shown in Fig. 1 along with the chromatogram of plasma of the 
same patient sampled 4 hr after receiving 100 mg of metoprolol orally. 


The metabolites of metoprolol, a-hydroxymetoprolol, O-desmethyl- 
metoprolol, 4-(2-hydroxy-3-isopropylaminopropoxy)phenylacetic acid, 
and 2-hydroxy-3-(4-methoxyethylphenoxy)propanoic acid, eluted at  322, 
342,312, and 215 sec, respectively, which separated them from metoprolol 
(411 sec) and the internal standard (587 sec). Only the two basic metab- 
olites, a-hydroxymetoprolol and 0-desmethylmetoprolol, were recovered 
from extracted spiked plasma. In humans, 0-desmethylmetoprolol 
concentrations are low, but a-hydroxymetoprolol concentrations can be 
detected (9-11). In some patient samples, a peak was seen that could be 
attributed to a-hydroxymetoprolol (Fig. 1). 


The described HPLC assay provides a specific, sensitive, and quanti- 
tative method for the determination of metoprolol in plasma. 
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from higher plants and microbial sources which were not covered else- 
where in the text but of sufficient scientific interest as possible new 
agents. 


fletlieured by Iris H. Hall 
Department of Medicinal Chemistry 
School of Pharmacy 
[Jniuersity of North Carolina 
Chapel Hill, NC 27514 


Terpenoids and Steroids, Vol. 10. Senior Reporter, J. R. HANSON. The 
Royal Society of Chemistry. Burlington House, London W1V OBN, 
England. 1981. 284 pp. 15 X 23 cm. (Available from: Special Issues 
Sales, American Chemical Society, 1155 16th Street, N.W., Washing- 
ton, DC 20036.) 
This is the 10th volume on terpenoids and steroids in the valuable series 


first puhlished 11 years ago. The aim of the series is to provide systematic, 
comprehensive, and critical reviews of progress in the major areas of 
chemical research. This volume reviews literature published between 
September 1978 and August 1979. 


Volume 10 does not contain a subject index hut is organized in a sys- 
tematic manner that facilitates the location of information. There is also 
an extensive author index which is helpful to those following the research 
of a given individual. The  book contains 1700 chemical structures and 
is documented with 1900 references, conveniently listed on the page of 
each chapter where first noted. 


Part I, which covers the terpenoids, is divided into chapters that in- 
clude sesquiterpenoids, diterpenoids, triterpenoids. and carotenoids and 
polyterpenoids. Chapters on monoterpenoids and the biosynthesis of 
terpenoids and steroids, unlike many of the earlier volumes, are not in- 
cluded. The chapter on monoterpenoids will be included in the next 
volume. 


Part  11, which covers the steroids, is divided into two chapters. The 
chapter on physical methods includes sections on structure and confor- 
mation, NMR spectroscopy, chiroptical phenomenon, mass spectrometry, 
miscellaneous physical properties, and analytical methods. The chapter 
on steroid reactions and partial syntheses contains sections devoted to 
each of these topics. 


The first section is divided topically according to the more common 
tunctional groups and such important subjects as molecular rearrange- 
ments, f'unctionalization of nonactivated positions, and photochemical 
reactions. The second section on partial syntheses, covers cholestane 
derivatives, vitamin D and its metabolites, pregnanes, androstanes and 
oestranes, cardenolides, heterocyclic steroids, and microbiological oxi- 
dations. 


An unusual variety of terpenoid st.ructures, particularly from insect 
and marine sources, has been included in this volume. The sharp increase 
in the use of high-field 'H-NMR and ' C N M R  is evident in this re- 
view. 


The  six reporters who prepared this volume are to be commended for 
maintaining the high standards set by the previous volumes in this series. 
Everyone interested in the chemistry of terpenoids and/or steroids should 
have access to this volume and the others in the series. 


Reuieuwd by Norman J. Doorenhos 
College of Science 
SOU thern Illinois University 


at Carbondale 
Carbondale, I L  62901 


Lexikon der Hilfsstoffe fu r  Pharmazie, Kosmetik und angrenzende 
Gebiete. By HERBERT P. FIEDLER, Editio Cantor Aulendorf, 
D-7960 Aulendorf, West Germany, 2 Volumes, 1081 pp.. 17 X 24 cm., 
1981, Price: 245 DM. 
In view of the scarcity of textbooks dealing exclusively with excipients, 


the revised and expanded edition of the Lexikon der Hilfsstoffe is a timely 
contribution to the reference libraries of pharmaceutical companies, 


regulatory agencies, and schools of pharmacy. Comparison of the contents 
with the original one-volume edition published in 1970 demonstrates the 
evolution of a broader and more critical attitude toward available tech- 
nical information on excipients. 


The author has provided a series of  tables listing specific physical 
propert.ies of excipients, types of surfactants used in pharmaceutical or 
cosmetic preparations, HLB values, MAC (maximum workplace con- 
centration) values, colorants suitable for cosmetic preparations, and a 
table of the German and English titles of selected excipients together with 
their Merck Index and Chemical Abstracts Registry Numbers where 
appropriate. 


The main hody of the text lists excipients in alphabetical order with 
information on t,heir physical, chemical, and biological properties. There 
is considerable variation in coverage between excipients, which reflects 
the author's judgment or the extent of information available to him. It 
is clear that Dr. Fiedler has made a special effort to make these volumes 
useful to English-speaking pharmaceutical scientists. However, the 
construction of some of the interminable German sentences may create 
impatience in readers with a limited knowledge of the language. 


As far as this reviewer knows, no similarly detailed encyclopedia of 
excipients has appeared in the English language. Until this gap is properly 
filled, the Lexihon der Hilfsstoffe will remain a valuable source book for 
pharmaceutical scientists engaged in dosage form design, production, 
and control. 


Reviewed bv Jack Cooper 
School of Pharmacy 
Uniuersity of California 
San Francisco, CA  94143 


USAN and  the USP Dictionary of Drug  Names 1982. United States 
Pharmacopeial Convention, 12601 Twinbrook Parkway, Rockville, MD 
20852.1981.614 pp. 21 X 28 cm. Price $25.00 (Foreign: $40.00 A 0  rate, 
$27.00 surface rate). 
The  1982 edition of USAN and the USP Dictionary of Drug Names 


has been updated in some subtle but important ways. The entry format 
and familiar orange cover are the same but the book itself' IS 104 pages 
longer than last year. There are 96 new adopted names in this edition, 
inclusive to June 15, 1981. Many International Nonproprietary Names 
and graphic formulas from the World Health Organization's listings have 
been added as well as the molecular weights of compounds where ap- 
propriate. 


There are over 17,000 entries and 2043 adopted names in this issue. 
'I'he three appendixes and five lists that  appear in the back of the book 
a ~ . .  the same as last year. 


USAN is the officially recognized source of drug names for the USP, 
the National Formulary, and the major source used by the FDA in re- 
ferring to drug substances. Consequently, this book is an invaluable 
reference to those in the drug trade and health professionals. 


Staff Reuiew 


Synthesis wi th  S tab le  Isotopes of Carbon, Nitrogen, and  Oxygen. 
By DONALD G. OTT. Wiley, 605 Third Ave., New York, NY 10016. 
1981. 224 pp. 16 X 24 cm. Price $28.50. 
This book is designed for chemists who are confronted with the need 


to prepare a compound with a stable isotope of carbon, nitrogen, or 
oxygen. I t  is intended to he useful for individuals actively involved in 
labeled compound synthesis as well as for chemists just entering the 
field. 


Although compounds are presented in chapters according to lunctional 
groups, not all compounds appear in designated chapters. However, the 
text contains an index that lists all labeled compounds. The compounds 
are cited in the index as a product of synthetic procedures or as a reactant. 
Unfortunately, the index does not indicate information other than the 
compounds. 
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Synthesis and Characterization of Iodoazidobenzylpindolol 
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Abstract 0 A high affinity 0-adrenergic ligand, iodoazidobenzylpindolol, 
was synthesized and characterized. The absorption spectrum of this 
compound changed markedly upon photolysis, consistent with decom- 
position of the azide group. This compound has a K D  of 5-7 X 10-lo M 
for the duck erythrocyte ghost p-adrenergic receptor when measured in 
a competitive binding assay. 


Keyphrases Iodoazidobenzylpindolol-synthesis and characteriza- 
tion, p-adrenergic receptor competitive binding assay 0 p-Adrenergic 
blocking agents-iodoazidobenzylpindolol, synthesis and characteriza- 
tion Photoaffinity labeling-iodoazidobenzylpindolol label for p- 
adrenergic receptor binding sites 


To identify the polypeptides that comprise the cate- 
cholamine receptor, suitable derivatives of 0-receptor li- 
gands must be available for forming covalent bonds in the 
binding site. This method for specifically tagging a binding 
site in an otherwise heterogeneous mixture of binding sites 
utilizing chemically reactive site-directed ligands has been 
described as affinity labeling (1-3) or the more recently 
used method of "photoaffinity labeling" (4-7). 


The present study describes the synthesis and charac- 
terization of a potent P-adrenergic ligand containing an 
azide functional group. This compound, which is called 
iodoazidobenzylpindolol (VI), has been used as a pho- 
toaffinity label for 0-adrenergic receptor binding site(s) 
(8). 


EXPERIMENTAL' 


Materials-2-Nitropropanez, p-nitrobenzylchloride2, thallium tri- 
chloride3, ni t r~methane~,  rn-nitropheno15, L-alprenolol-D-tartrate5, and 
DL-propranolol hydrochloride5 were all pure grade. DL-[ 1251]Iodohy- 
droxybenzylpindolol was synthesized according to a slightly modified 
method of Brown (9) from hydroxybenzylpindolo16. 


Instruments-Photolysis was performed with a high-pressure mer- 
cury lamp7. Melting points were determined on a capillary melting-point 
apparatus8. The IR spectra were obtained on a grating spectrophotom- 
eterg as potassium bromide disks. NMR spectra were determined on a 
90 MHz Fourier transform spectrometer lo. The chemical shifts reported 
are relative to an internal tetramethylsilane standard. Mass spectra were 
run on a spectrometer'l a t  70 ev. 


Synthesis of 4-(2,3-Epoxypropoxy)indole (II)-6-Nitrosalicylal- 
dehyde was prepared from m-nitrophenol according to the method of 
Ando and Emoto (lo), with an overall yield of 7.2%. 5-Nitro-1,3-benzo- 
dioxane was purified by vacuum distillation (instead of column chro- 
matography) a t  1-mm Hg followed by crystallization in ethanol. In the 
process, 7-nitro-1,3-benzodioxane was removed and discarded. 


4-Hydroxyindole (I)-Compound I was prepared from 6-nitrosali- 
cylaldehyde according to the method of Beer et ol. (111, with an overall 
yield of 26.0%. 


Elemental analyses were performed by the Galbraith Laboratories, Knoxville, 


Aldrich Chemical Co., Milwaukee, Wis. 
3 K & K Laboratories, Plainview, N.Y. 


Fisher Scientific Co., Itasca, Ill. 
Sigma Chemical Co., St. Louis, Mo. 
A gift from Sandoz Pharmaceutical Co., East Hanover, N.J. 
AH-6 lamp from Advanced Radiation Corp., Santa Clara, Calif. 


Model 700, Perkin-Elmer Corp., Norwalk, Conn. 


Tenn. 


8 Buchi, Switzerland. 


lo  HX-90 Fourier transform NMR spectrometer, Bruker Instruments, Inc., 


l 1  Model 1015 Finnigam spectrometer with Finnigam 6000 data system. 
Billerica, Mass. 


4- (2,3-Epoxypropoxy)indole (U-4-Hydroxyindole (I) (722 mg, 5.43 
mmoles) was added to a solution of sodium hydroxide (216 mg, 5.40 
mmoles) in 5 ml of water. Freshly distilled epichlorhydrin, 0.54 ml, was 
then added under nitrogen, and the reaction was stirred for 22 hr a t  
ambient temperature. The mixture was extracted with ether, decolorized 
with activated charcoal, and dried over anhydrous sodium sulfate. The 
ether extract was evaporated to give 570 mg (55.5%) of an oily product. 
This compound was purified further using a silica gel column5 (60-200 
mesh) equilibrated with petroleum ether. The product was eluted from 
the column with increasing amounts of chloroform to give a white solid 
material (11); mp 64-65' [lit. (12), 65-67']; NMR (deuterochloroform): 
6 8.60-8.35 (s, lH,  indole-NH), 7.0-6.3 (m, 5H, aromatic H), and 4.3-2.5 
(m, 5H, CH2, epoxide-H) ppm; mass spectrum: mlz 189 (M+). 


Anal.-Calc. for CllH11N02: C, 69.84; H, 5.82; N, 7.41. Found C, 70.00; 
H, 6.02; N, 7.45. 


Synthesis of I-(p-Azido-m-iodophenyl)-2-methyl-2-propylamine 
(V)-2-Methyl-2-nitro-l-(p-nitrophenyl)propane was prepared ac- 
cording to the method of Hass et al. (13), with an overall yield of 47%. 


I - (p-Aminophenyl)-2-methyl-2-propylamine (IIZ)-2-Methyl-2- 
nitro-1-(p-nitropheny1)propane (10 g, 44.6 mmoles) was dissolved in 150 
ml of 50% ethanol-water. Zinc powder (42.5 g, 654 mmoles) was mixed 
with the above solution. While heating the mixture very slowly with fast 
mechanical stirring, hydrochloric acid (25 ml of 37% mixed with 40 ml 
of 50% ethanol-water) was added dropwise. The mixture was refluxed 
for 1 hr after addition of hydrochloric acid and stirring continued during 
refluxing. After cooling the mixture, a yellow solution was separated from 
the zinc and was adjusted to pH 9.0 using 2 N potassium hydroxide. The 
amino compound, l-(p-aminophenyl)-2-methyl-2-propylamine (III), 
was extracted with ether. The ether solution was dried under anhydrous 
sodium sulfate followed by evaporation of ether and distillation of the 
compound under vacuum. A yellow solid, 3.45 g (48%), was collected; mp 
81-82' [lit. (13), 84-85']; Rj 0.17 on silica gel plates12 in chloroform- 
methanol (7030); IR (potassium bromide): 3500,3350, and 3200 cm-l 
(NHz); NMR (deuterochloroform): 6 6.7 (d, 2H, aromatic H, J = 3 Hz), 
6.4 (d, 2H, aromatic H, J = 3 Hz), 2.45 (s,2H, CHz), and 1.0 (s, 6H, CH,); 
mass spectrum: mlz 164 (M+). The dihydrochloride salt of this compound 
was prepared by passing hydrogen chloride gas through an ether solu- 
tion. 


I-(p-Amino-m-iodophenyl)-2-methyl-2-propylamine (IV)-l-(p- 
Amino-phenyl)-2-methyl-2-propylamine dihydrochloride (111) (1.66 g, 
7.0 mmoles) was dissolved in 200 ml of sodium acetate buffer (pH 4.0,O.l 
M ) .  To this solution was added sodium iodide (1.05 g, 7.0 mmoles). 
Thallium trichloride (2.6 g, 7.0 mmoles) in 50 ml of distilled water was 
slowly added to the above solution under nitrogen. The mixture was 
heated on a steam bath for 1 hr under nitrogen, then sodium sulfite (0.88 
g, 7.0 mmoles) in 20 ml of water was added. The reaction mixture was 
made alkaline using sodium bicarbonate and extracted with ether. The 
compound (IV), 0.76 g (37%), was purified using a silicic acid (325 mesh) 
column, eluting with increasing concentrations of methanol in chloroform. 
The compound was oily with a brownish color and an Rf of 0.30 on silica 
gel plate in chloroform-methanol (70:30). NMR (deuterochloroforn): 
6 7.4 (d, lH ,  aromatic H ortho to I), 7.0-6.6 (m, 2H, aromatic H), 2.5 (5, 


2H, CHz), 1.1 (s, 6H, CH3) ppm, and NH exchangeable with deuterium 
oxide; mass spectrum: m/z 290 (M+). 


Anal.-Calc. for C10H15IN2: C, 41.38; H, 5.17, N, 9.66. Found: C, 41.16; 
H, 5.31, N, 9.42. 


I-(p-Azido-m-iodophenyl)-2-methyl-2-propylamine (V)-l-(p- 
Amino-m-iodophenyl)-2-methyl-2-propylamine (IV) (220 mg, 0.758 
mmoles) was dissolved in 6.2 ml of water containing 0.207 ml of 96% 
sulfuric acid. The mixture was cooled in crushed ice, and sodium nitrite 
(58 mg, 0.840 mmoles) in 8 ml of water was added dropwise while stirring 
the mixture. When the addition was completed, the reaction was allowed 
to  proceed for 15 min, then sodium azide (54 mg, 0.83 mmoles) in 1 ml 
of water was added. After another 15 min, the mixture was made alkaline 


12 Silica gel GF254, Type 60, E. Merck. was used to prepare plates with a 0.5-mm 
thickness. 
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Scheme I-Synthetic scheme for iodoazidobenzylpindolol (VI) .  


using sodium bicarbonate and extracted with ether. All reactions were 
performed in the dark, and 72 mg (30%) of the oily product was purified 
by preparative TLC using silica gel in chloroform-methanol (7030) with 
an R, of 0.59; IR (potassium bromide): 2150 cm-l (N3); NMR (deutero- 
chloroform): 6 7.60 (d, lH, aromatic H ortho to I), 7.26-6.97 (m, 2H, ar- 
omatic H), 2.5 (9, 2H, CHz), and 1.1 (s,6H, CH3) ppm. 


Synthesis of DL-l-(Indol-4-yloxy)-3-[l-p-(azido-m-iodo- 
phenyl)-2-methyl-2-propylamine]-2-propanol (Iodoazidobenzyl- 
pindolol, VI)-4-(2,3-Epoxypropoxy)indole (11) (56 mg, 0.296 mmoles) 
and l-(p-azido-m-iodophenyl)-2-methyl-2-propylamine (V) (35 mg, 0.110 
mmoles) were dissolved in 1.5 ml of absolute ethanol. The reaction was 
heated in a sealed tube at  60' in the dark for 7 days. The products of the 
reaction mixture were separated on preparative silica gel plates with 
benzene-acetonitrile-triethylamine (10075:l) to yield 44 mg (78.8%) of 
a solid compound (VI) with an Rj of 0.39 and a mp of 70-73' (dec. a t  
140-150'); IR (potassium bromide): 2150 cm-l (N3); NMR (deutero- 
chloroform): 6 8.9 (s, lH,  indole-NH), 7.78 (d, lH ,  aromafic H ortho to 
I), 7.57-6.45 (m, 7H, aromatic H), 4.20 [m, 5H, NH, OH, CH,(l), CH(2)]; 
deuterium oxide exchange: 4.10 [m, 3H, CH2(1), CH(2)], 3.01 [m, 2H, 
CH2(3)], 2.70 [s, 2H, CH2(5)], and 1.12 [s, 6H, CH3(4)] ppm; UV (ethanol): 
300,288, and 262 nm (Fig. 1A) with €262 = 19,000 and €288 = 6920 M-I 
cm-1. 


Anal.-Calc. for C21H24IN502: C, 49.90; H, 4.75; N, 13.86. Found: C, 
50.03; H, 5.24; N, 13.10. 


The %H and %N values differ by 0.5 and 0.7%, respectively, from the 
calculated values. This is probably due to decomposition that occurred 
before analysis, resulting from exposure of the compound to light. 


Preparation of Duck Erythrocyte Ghosts-All steps were per- 
formed a t  4O. Heparinized whole duck blood was diluted in an equal 
volume of washing buffer (145 mM NaCl, 10 mM tr~metharnine~, 20 mM 
glucose, pH 7.4). The cells were centrifuged a t  500Xg and the supernate 
and huffy coat were removed. The packed cells were washed twice more 


L 


W 
0 z a 
m l  
K 
0 
v) rn a 


WAVELENGTH, nm 


Figure 1-Ultrauiolet spectra for iodoazidobenzylpindolol (Vl) before 
and afterphotolysis. A, VI (5.7 X 
M) photolyzed for 5 sec in ethanol using a high-pressure mercury 
lamp. 


in washing buffer and then lysed by stirring in lysis buffer (10 mM tro- 
methamine, 4 mM magnesium chloride, pH 7.4). The resulting lysate was 
centrifuged at  20,OOOXg and the supernate was removed. The ghosts were 
stored at  -80' a t  a concentration of -15 mg/ml. The protein content of 
the ghosts was determined by the Lowry method (14) using bovine serum 
albumin as a standard. 


[ ~~~I]Iodohydroxybenzylpindolol Competitive Binding Assay- 
Nucleated duck ghosts were diluted to a protein concentration of 3-4 
mg/ml with 50 mM tromethamine buffer, pH 7.4, containing 10 mM 
magnesium chloride. Each condition in the incubation contained -0.2 
mg of nucleated ghosts in 0.1 ml of total incubation volume, various 
concentrations of the competitive ligands, and 0.6 nM [1251]iodohy- 
droxybenzylpindolol. Incubation proceeded for 30 min at  32O. The 
binding was terminated by diluting 35-p1 aliquots in duplicate into 10 
ml of lysis buffer a t  35", filtering quickly (10 sec) through a glass fiber 
filter paper13 under vacuum, and washing with an additional 10 ml of lysis 
buffer (5 sec) a t  27". The filter papers were counted using a gamma 
counterI4 with 70% efficiency, and the amount of hound [1251]iodohy- 
droxybenzylpindolol was determined. 


The amount of nonspecific binding in all experiments was determined 
by incubating membranes and [lZ5I] iodohydroxybenzylpindolol in the 
presence of 1 p M  (L)-alprenolol. Nonspecific binding was generally 5-1Wo 
of the total binding and was subtracted from all experimental values. The 
K D  for each ligand was calculated from the equation (15): 


K D  = Ic50/(1+ L / K L )  (Es. 1) 


where IC50 is the concentration of nonradioactive ligand which half 
maximally inhibits [~251)iodohydroxybenzylpindolol binding, L is the 
concentration of [1251]iodohydr~xybenzylpindolol in the incubation, and 


M) in ethanol; B, VI (5.7 X 


I3  GF/A Whatman glass microfilter paper, England. 
I4 Model 5230, Packard Instrument, Downers Grove, Ill. 
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Figure 2-Competitive inhibition of specific P-receptor binding of 
[1251]iodohydr~xybenzylpindolol by DL-iodoazidobenzylpindolol (VI), 
DL-hydroxybenzylpindolol, and DL-propranolol. Data for each com- 
pound were obtained in duplicate, and the mean was plotted as percent 
of initial specific binding of [~25I]-iodohydroxybenzylpindolol. Key: 
DL-iodoazidobenzylpindolol, 0; DL-hydroxybenzylpindolol, M; and 
DL-propranolol, A. 
KL is the equilibrium dissociation constant of [1251]iodohydroxyben- 
zylpindolol determined from Scatchard analysis (16) (5 X M ) .  


RESULTS 
Synthesis of Iodoazidobenzylpindolol (V1)-The synthetic scheme 


for the compound is summarized in Scheme I. The indole-containing 
epoxide (11) was prepared in a straightforward manner from 4-hydrox- 
yindole (I). The epoxide was reacted with a primary amine to  generate 
the final product (VI). The primary amine that was used in this synthesis 
contained an aralkyl structure, since it is known that affinity for the 
&receptor is increased by increasing the size of substituents on the amino 
nitrogen (17). This final product, VI, has several structural features that 
are noteworthy: (a) the compound contains an indole ring structure which 
is characteristic of pindolol (12, 18); (b )  the propanolamine structure 
which is characteristic of adrenergic compounds; and ( c )  an alkyl chain 
terminating with an aromatic group. Iodoazidobenzylpindolol (VI) is an 
analogue of iodohydroxybenzylpindolol(19), in which the phenolic hy- 
droxyl on the aralkyl chain is replaced by an azido group and an iodine 
atom is ortho to the azido group rather than on the indole ring. An im- 
portant synthetic reaction to generate l-(p-amino-m-iodophenyl)-2- 
methyl-2-propylamine (IV) was the use of thallium trichloride and so- 
dium iodide to incorporate iodine covalently. This type of reaction was 
reported previously for the preparation of iodinated polynucleotides (20) 
and nucleotides (21). In these cases, covalent iodine incorporation was 
followed by using carrier-free [125I]sodium iodide. This reaction dem- 
onstrated that the iodine-containing nucleotides could substitute for the 
parent nucleotides in polymers synthesized by either DNA or RNA 
polymerase (21). Chemical characterization of the reaction products was 
not performed. 


Iodoazidobenzylpindolol (VI) has three absorption maxima (262,288, 
and 300 nm). The main absorption occurs at  262 nm, whereas the 288 and 
300 nm absorbances are secondary peaks (Fig. 1A). The photosensitivity 
of VI is shown in Fig. 1. After a 5-sec photolysis of VI in ethanol using a 
1 kw mercury lamp, the ultraviolet absorption a t  262,288, and 300 nm 
were all reduced in a manner consistent with the decomposition of the 
azide group (Fig. 1B). 


Biological Characterization of Iodoazidobenzylpindolol (V1)-To 
determine the binding characteristics of VI to the P-adrenergic receptor, 
intact duck erythrocyte ghosts were utilized. The P-receptor in this sys- 
tem has been thoroughly characterized for [3H]-~-dihydroalprenolol 
binding and has been partially purified 5000-10,000-fold over detergent 
extracts15. The apparent equilibrium dissociation constants ( K D )  were 
determined by a previous method (15) utilizing competitive inhibition 
of [1251]iodohydr~xybenzylpindolol binding. Iodoazidobenzylpindolol 
(VI) and hydroxybenzylpindolol possess the same affinity for the duck 
erythrocyte P-receptor with an apparent KD calculated to be 0.5-0.7 nM 
(Fig. 2). From Scatchard analysis (16), it was found that the KO for 
[‘251]iodohydr~xybenzylpindolol is 0.5 nM under the same conditions 
(data not shown). DL-Propranolol inhibited [1251]iodohydroxybenzyl- 


15 Y. Shing, A. Abrarnson, and A. E. Ruoho, submitted for publication. 


pindolol binding with a calculated KO of 12.5 nM (Fig. 2), the same as 
previously reported for other P-adrenergic receptor systems (22). 


DISCUSSION 


The successful chemical synthesis of an azide derivative of pindolol, 
a potent P-adrenergic ligand, was performed. The compound was syn- 
thesized from 4-(2,3-epoxypropoxy)indole (111, which was prepared in 
good yield from m -nitrophenol. Thallium trichloride and sodium iodide 
were used to produce I-(p-amino-m-iodophenyl)-2-methyl-2-propy- 
lamine (IV). This reaction allowed covalent incorporation of iodine into 
the phenyl ring ortho to the amine functional group which could then be 
readily converted to  the azide derivative of V. 


Iodoazidobenzylpindolol (VI) has as high an affinity as hydroxyben- 
zylpindolol for the duck erythrocyte 0-adrenergic receptor, and contains 
an azide functional group which can be incorporated into the 0-adrenergic 
receptor binding site(s) upon photolysis (8). To minimize photodes- 
truction of the biological samples and release of iodine, the majority of 
the light of wavelength <300 nm was filtered out. Successful photoin- 
corporation of 4-[1251]iodobenzene-l-azide (23) and 5-[’251]iodonap- 
thyl-1-azide (24) have also been reported for probing the lipid bilayer of 
biological membrane and labeling of the a-subunit of the sodium-po- 
tassium adenosinetriphosphatase (25). 
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ABSTRACT 0 Stability studies with a decongestant syrup formulation 
containing phenylpropanolamine hydrochloride in a sugar vehicle indi- 
cated a loss of phenylpropanolamine hydrochloride. T o  ascertain the 
biological significance of this indicated chemical loss, the degraded for- 
mulation was administered to human volunteers and the urinary excre- 
tion of phenylpropanolamine hydrochloride was determined. The ex- 
cretion and chemical assay patterns were in good agreement, indicating 
that the sugar vehicle was both chemically and biologically incompatible 
with phenylpropanolamine hydrochloride. A control formulation made 
with phenylpropanolamine hydrochloride in a sorbitol vehicle showed 
good chemical stability and urinary excretion patterns. Further studies 
showed chemical losses with phenylpropanolamine hydrochloride in the 
presence of fructose, dextrose, and 5-(hydroxymethyl)-2-furaldehycle 
but not with levulinic acid. Possible mechanisms for the sugar-phenyl- 
propanolamine hydrochloride interaction are discussed. 


Keyphrases 0 Phenylpropanolamine hydrochloride-stability in liquid 
formulations containing sugars 0 Stability-of phenylpropanolamine 
hydrochloride in liquid formulations containing sugars 0 Adrenergic 
agents-phenylpropanolamine hydrochloride, stability in liquid for- 
mulations containing sugars - 


While formulating a decongestant syrup containing 
phenylpropanolamine hydrochloride, it was observed that 
the stability pattern indicated a loss of phenylpropanol- 
amine hydrochloride. Initial formulations contained su- 
crose with either corn syrup or an invert sugar composition 
in the vehicle. 


Since it was surmised that the sugars had interacted 
with the phenylpropanolamine hydrochloride, stability 
experiments were done with phenylpropanolamine hy- 
drochloride in aqueous vehicles containing dextrose, 
fructose, and sucrose-corn syrup, with a sorbitol vehicle 
as the control. In addition, 5-(hydroxymethyl)-2-fural- 
dehyde and levulinic acid were tested since these com- 
pounds are produced from the hydrolysis of dextrose and 
fructose. 


To ascertain the biological significance of the indicated 
chemical loss of phenylpropanolamine hydrochloride, a 
urinary excretion study was performed using the initial 
formulation in the sucrose-corn syrup vehicle. After 
storage at 5 and 5 5 O  for 1 month, comparisons were made 
with a formulation containing sorbitol. 


EXPERIMENTAL 


Analytical Methods-Initially, the phenylpropanolamine hydro- 
chloride' in the sucrose2-corn syrup3 formulations was determined using 
the ion-pair-methyl orange procedure (1,2). For subsequent experiments 
using dextrose4, fructose4, 5-(hydroxymethy1)-2-furaldehyde5, and le- 
vulinic acid&, phenylpropanolamine hydrochloride was determined by 
the ninhydrin procedure of Burke et al. (3). A periodate oxidation method 
(4) was used for the determination of phenylpropanolamine hydrochlo- 
ride in urine. 


Urinary Excretion Tests-All preparations were given orally to 


1 NF XIV, Ganes Chemical Works. 
2 USP XIX. 


' Anhydrous, Aldrich Chemical Co. 
6 Ninety-nine percent, Aldrich Chemical Co. 


Globe 1132, Corn Products Division, CPC International 


Table I-Effect of Sucrose and  Corn Syrup on 
Phenylpropanolamine Hydrochloride Stability 


Formula 
1 2 3 4  


Phenylpropanolamine hydrochloride, % (w/v) 
Sucrose, % (w/v) 40 - - 40 


0.15 0.15 0.15 0.15 


Corn syrup, % (w/v) - 4 0  - - 
Sorbitol, 70 (w/v) - - 4 0  - 
Initial pH 6.0 6.0 5.9 4.5 
Retention of phenylpropanolamine 93 54 97 67 


hvdrochloride (3 davs/70°). 70 


nonfasted subjects. Pooled urine samples were collected for 24 hr prior 
to dosage for measurements of blank excretion values. After the morning 
dosage, urine was collected for 24 hr. Urinary phenylpropanolamine 
hydrochloride was determined by a reported method (4). 


In agreement with earlier results (4), the present experiments indicated 
that 90-100% of a 50-mg phenylpropanolamine hydrochloride dose was 
excreted by humans in the urine. With the 15-25-mg doses administered 
in the present experiment, only 70-80% was excreted. A relatively con- 
stant amount of phenylpropanolamine hydrochloride apparently is 
metabolized and not recovered in the urine (e.g., 10% of a 50-mg dose 
equals 5 mg, which is 20% of a 25-mg dose). 


RESULTS 


The assay data in Table I show that the phenylpropanolamine hy- 
drochloride losses in the presence of sucrose and corn syrup were signif- 
icant after 3 days a t  70'. The sucrose effect was much greater a t  pH 4.5 
than a t  pH 6. Practically no change occurred with sorbitol. 


The data in Table I1 compare the effect of dextrose and fructose (the 
hydrolytic cleavage products of sucrose) on phenylpropanolamine hy- 
drochloride stability a t  pH 4,6, and 7. As pH increased, the degradation 
rate and degree of color development increased. At pH 4, there was only 
a slight rise in pH, whereas pH decreased a t  pH 6 and 7 .  Precipitation 
was noted in all samples after 1 week of storage a t  70" and was visibly 
greater a t  pH 6 and 7 than a t  pH 4. The magnitude of these changes was 
significantly greater for dextrose than for fructose. Formula 5, containing 
5 mg of phenylpropanolamine hydrochloride/ml, 35% sucrose, 15% corn 
syrup, 11% ethanol, and 20% propylene glycol, was the formulation used 
for the human excretion studies reported in Table 111. 


Table IV shows the effects of 5-(hydroxymethyl)-2-furaldehyde and 
levulinic acid on phenylpropanolamine hydrochloride stability at  pH 4, 
6, and 7 and on sorbitol a t  pH 6. Sorbitol had no effect, and levulinic acid 
had no significant effect. In contrast, there was a loss of phenylpropa- 
nolamine hydrochloride from interaction with 5-(hydroxymethyl)-2- 
furaldehyde. While no pH changes occurred, the solution darkened and 
a dark precipitate developed. Recovery of this precipitate by centrifu- 
gation indicated that it was water insoluble, methanol soluble, and very 
slowly soluble in chloroform. By comparison, precipitates from dex- 
trose-phenylpropanolamine hydrochloride solutions were water insoluble 
and methanol soluble but appeared to be chloroform insoluble. 


Table 111 shows the urinary excretion data from formulations con- 
taining phenylpropanolamine hydrochloride. The first formulation (A-5") 
initially contained 24.4 mg of phenylpropanolamine hydrochloride/5 ml 
in the sugar vehicle already described. After 1 month a t  55' (A-55'), 
-38% of the phenylpropanolamine hydrochloride was lost with 15.2 mg/ 
5 ml retained. Formulation B, which assayed 26.8 mg of phenylpropa- 
nolamine hydrochloride/lO ml, was made in a sorbitol vehicle and was 
stable. 


In all three cases, the amount of phenylpropanolamine hydrochloride 
recovered in the 24-hr urine samples was in proportion to the amount of 
"undegraded" phenylpropanolamine hydrochloride administered, or 
-71-78% of the dose. 
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Table 11-Effect of Sucrose-Corn Syrup, Dextrose, Fructose, and pH on Phenylpropanolamine Hydrochloride Stability 


Formula 
5 6 7 8 9 10 11 


Ingredientsa 
Phenylpropanolamine hydrochloride, % (w/v) 


Sucrose, % (w/v) 
Corn syrup, % (w/v) 
Dextrose, % (w/v) 
Fructose. % Iw/v) 


0.5 
35 
15 


1 .o 
- 
- 


10 


1.0 
- 
- 


10 


1.0 
- 
- 


10 


1 .o 
- 


1.0 
- 


1.0 
- 


- 
10 


- 
10 


- 
10 


I ~ . ,  
Buffer type Citrate 


0.29 
Citate 
0.25 


Phosphate 
0.28 


Phosphate 
0.23 


Citrate 
0.25 


Phosphate 
0.28 


Phosphate 
0.23 Normality 


Physical stability 
Changes in optical density after 1 week a t  70" 


Chemical stability 


Initial 
1 week/70° 
4 weeks/55" 


hydrochloride after 
1 week/70° 
1 month/55" 
16 weeks/45" 
3.5 months/45" 
3.5 months/37" 


PH 


Percent retention of phenylpropanolamine 


Percent loss of phenylpropanolamine 
hydrochloride per week at  room 
temperaturec 


0.414 1.745 1.832 0.2 0.85 1.438 


6 


5.25 
- 


4 
4.2 
4.2 


6 
4.55 
4.8 


7 
4.35 
4.6 


4 
4.1 
4.2 


6 
5.2 
5.7 


7 
5.3 
6.05 


84 55 
57 
64 


45 
43 
55 
- 
- 


91 
87 


71 
79 
84 


63 
73 
77 


- 
65 


65 
85 


- 


.~ 


87 
93 


0.26 0.09 0.62 1.37 0.07 0.17 0.46 


The vehicles also contained 20% propylene glycol, 11% ethanol, 5% glycerin, and distilled water. Measured at 315 nm using the 5" sample as a blank. Changes were 
due to formation of colored degradation products. 


Table 111-Assay and  Urinary Excretion of Phenylpropanolamine Hydrochloride 


Calculated from losses observed pt elevated temperatures using Arrhenius plots. 


~ 


24-hr Urinary Excretion Pattern 
Phenyl- Percent of 


propanolamine Percent Phenyl- Retained 
Hydrochloride propanolamine Amount Amount Excreted, Dose 


Assay Retained Given, ml mg Excreteda Formulation 


A-5" (sucrose-corn syrup vehicle, Formula 1 24.4 mg/5 ml 100 5 19 78 
of Table I), 1 month 5" 


A-55" (same as A-5"), 1 month 55" 15.2 mg/5 ml 62 5 10.8 71 
B (sorbital vehicle) 26.8 mg/lO ml 100 10 19 71 


a Five subjects. 


Table IV-Effect of 5-(Hydroxymethyl)-Z-furaldehyde, Sorbitol, and Levulinic Acid on Phenylpropanolamine Hydrochloride Stability 


Formula 
12 13 14 15 16 17 18 19 20 


Phenyl ropanolamine hydrochloride, 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 


- - - - - 
% ( W E ,  


5-(Hydroxymethyl)-2-furaldehyde, 0.142 0.142 0.142 0.142 


Sorbitol, % (w/v) - - - 
- - - - 0.18 0.18 0.18 0.18 Levulinic acid - 


Buffer type Phosphate Citrate Phosphate Phosphate Phosphate Phosphate Citrate Phosphate Phosphate 
Normality 0.42 0.25 0.28 0.23 0.28 0.43 0.34 0.3 0.39 


Percent retention after 


% (w/v) 
- - - - - 10 


Initial" pH 6 4 6 7 6 5.65 4 6 7 


7 days 70" 79 95 100 100 101 - 100 100 100 
14 days 70' - 85 76 97.5 - - - 95 - 


4 weeks 55" - 93 87 87 98 100 - 


3.5 months 55" 85 
- 98 


- - - - - - - - 


N o  significant changes observed after storage at elevated temperatures. 


DISCUSSION 


The analytical data reported here indicate that there was an interaction 
of phenylpropanolamine hydrochloride with sugars containing aldose 
or ketose functional groups or with 5-(hydroxymethyl)-2-furaldehyde, 
a degradation product of dextrose or fructose. Levulinic acid, another 
possible degradation product, was unreactive. Sucrose per se is not ex- 
pected to be reactive with phenylpropanolamine hydrochloride until 
hydrolysis to carbonyl-containing cleavage products occurs as a function 
of time, temperature, and pH of the vehicle. As expected, there was no 
chemical loss of phenylpropanolamine hydrochloride in sorbitol solu- 
tions. 


If phenylpropanolamine hydrochloride combines with the carbonyl 


groups of the aldose or ketose sugars or with a reactive carbonyl degra- 
dation product, the resulting interaction product may or may not undergo 
biological transformation after ingestion to release phenylpropanolamine 
hydrochloride. The urinary excretion data, although limited, appear to 
suggest that the interaction product does not revert to free phenylpro- 
panolamine hydrochloride after ingestion. If degraded phenylpropa- 
nolamine hydrochloride were converted in uiuo to free phenylpropa- 
nolamine hydrochloride, the group ingesting this dose (containing 62% 
of the amount found in A-5", the refrigerated control) would have ex- 
creted -19 mg of phenylpropanolamine hydrochloride rather than 10.8 
mg. 


Possible Interaction Mechanisms-While the present study did not 
attempt to elucidate the nature of the interaction of phenylpropanol- 
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amine hydrochloride with the aldose or ketose sugars, the literature was 
reviewed with regard to the various possibilities concerning this inter- 
action. 


Oxazolidine Formation-&Amino alcohols, such as ephedrine (5-8), 
pseudoephedrine (5, 7-9), phenylpropanolamine (9-11), and phenyl- 
ephrine (12, 13), can form oxazolidines with aliphatic and aromatic al- 
dehydes and ketones. The elimination of water from the reaction between 
the carbonyl group and the vicinal amino and hydroxyl groups of the 
amino alcohol is usually accomplished by azeotropic distillation (9,lO) 
or with a dehydrating agent (13) but can occur in an aqueous medium 
(11). Oxazolidine formation depends on thermodynamic and steric fac- 
tors. In some cases, the product may exist as a mobile tautomeric system 
with the corresponding Schiff base (9,ll). 


Stability of oxazolidines to hydrolysis is reportedly variable (6, 9). 
However, oxazolidines usually can be cleaved by heating with acids la 
yield the amino alcohol and the carbonyl compound (5,6,11,13). The 
oxazolidine from the interaction of ephedrine and benzaldehyde was 
marketed in an oily nasal inhalant and was presumably active topically 
(6). Oxazolidine formation from interaction of sympathomimetic @-amino 
alcohols with aldose and ketose sugars or with 5-(hydroxymethyl)-2- 
furaldehyde has not been reported. 5-(Hydroxymethyl)-2-furaldehyde 
is readily formed by the acid-catalyzed hydrolysis of glucose or fructose 
(14) or by heating glucose in water (15). 


Tetrahydroisoquinoline Formation-Cyclization of norphenylephrine 
[1-(3-hydroxyphenyl)-2-amino-ethanol] with various carbonyl com- 
pounds (uia a Pictet-Spengler type of reaction but requiring no acidic 
catalyst) was reported (16) to yield tetrahydroisoquinolines and not ox - 
azolidines as previously reported. The reaction probably proceeds oia 
a Schiff base intermediate and appears to be characteristic of P-amino 
alcohols with a phenolic hydroxyl para to the site of cycliiation. Similarly, 
tetrahydroisoquinolines can be formed in sucrose-coated tablets of 
norphenylephrine (17) from 5-(hydroxymethyl)-2-furaldehyde and le- 
vulinic acid, products of the thermal decomposition of sucrose. 


The formation of isoquinolines from interaction of phenylpropanol- 
amine and aldose or ketose sugars or their decomposition products has 
not been reported. This possibility seems remote since a phenolic group 
in the benzene nucleus is apparently required to promote cyclization. 


Browning (Carbonyl-Amine) Reactions-Nonenzymic browning 
reactions involving the carbonyl group of aldose or ketose sugars with 
primary or secondary amines are well known (18,191. The browning of 
lactose, galactose, dextrose, dextrates, and 5-(hydroxymethyl)-2-fural- 
dehyde with dl-amphetamine, its N-methyl derivatives, and d-am- 
phetamine was studied extensively (20-26). The carbonyl group of the 
sugar or 5-(hydroxymethyl)-2-furaldehyde and the amine presumably 
form colored products uia a Schiff base-type reaction or by formation 
of glycosyl amines, N-glycosides, or certain compounds formed by Am- 
adori rearrangement (27). Isoglucosamines (amino ketones, not Schiff 
base), if formed by rearrangement, would be expected to be resistant to 
hydrolysis unlike the glycosamines, most of which easily darken and 
undergo further decomposition (27). 


No experimental data indicate which of the foregoing interaction 
possibilities is the principal one involved in the phenylpropanolamine 
hydrochloride-sugar interaction. I t  is felt that  Schiff base formation 
probably occurred under the test condition with further rearrangement(s) 


to produce a compound(s) that  did not revert to free phenylpropanol- 
amine hydrochloride either in oioo or in uitro. 
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Abstract 0 The synthesis and characterization of various 7,7-diaryl- 
4,5,6,7-tetrahydroimidazo-[4,5-c]pyridines are reported. Convulsant 
activity was observed with a dipyridyl compound. 


Keyphrases 0 Histamine-condensation reactions to form 7,7- 
diaryl-4,5,6,7-tetrahydroimidazo-[4,5-c]pyridines 0 Spirocyclic- 
4,5,6,7-tetrahydroimidazo-[4,5-c]pyridines-synthesis and characteri- 
zation Convulsants-activity in rats, synthesized dipyridyl com- 
Dound 


As part of a continuing research program in the con- 
densation reactions of histamine (I) with various carbonyl 
compounds, the synthesis of several novel diaryl- 
4,5,6,7-tetrahydroimidazo-[4,5-c]pyridines will be de- 
scribed. While a variety of condensation products were 
previously described (1-3), an examination of this Pic- 
tet-Spengler type reaction of histamine with diaryl ketones 
has not been reported. 


In general, previously reported methods for the con- 
densation of histamine with aldehydes involved the reac- 
tion of histamine dihydrochloride in a basic media with the 
appropriate aldehyde. Good yields of the aldehyde and 
ketone condensation products can also be realized by re- 
fluxing histamine free base with the desired carbonyl 
compounds in n-butanol. Under these conditions, the 
Schiff-base intermediates undergo ring closure at the C-5 
position of the imidazole ring and the products can then 
be isolated by removal of the reaction solvent. 


This rather simple synthesis has been successfully 
adapted to include examples of both acyclic and, more 
recently, cyclic ketones such as 9-fluorenone and 1,8-dia- 
zafluorene (Scheme I). The resulting 7-spirocyclic- 
4,5,6,7-tetrahydroimidazo-[4,5-c]pyridines (V and VI) as 
well as the acyclic ketone analogs (11-IV) have all been 
characterized by NMR, IR, and elemental analysis (Tables 
I and 11). 


n-butanol r 
I i i  R - 4 - R  


I 


H ;-& 
R H  


/ 


IV: R = acH2 


I H 1 heat ~ 


n-butmol 


v : x = c  
V I : X = N  


Scheme I 


Table I-Physical Data for Diaryl-4,5,6,7-tetrahydroimidazo-[ 4.5-clpyridines 


Melting Point 
Compound Free Base Yield, % Formula 


Analysis, % 
Calc. Found 


~ ~~ 


I1 100-105° 


111 220-222" 


IV 2 18-2 19O 


50 


66 


60 


C 78.54 78.34 
H 6.14 6.36 


15.27 15.36 
69.19 C 69.31 


H 5.41 5.38 
N 25.27 25.65 
C 79.48 79.46 
H 6.94 6.95 
N 13.89 13.97 


79.35 C 79.41 
H 5.15 5.51 
N 15.44 15.41 


(dihydrochloride) H 4.08 4.34 
N 20.17 20.01 


V 258' 69 C18H15N3 


VI 250" (dec.) 41 C I ~ H I ~ N ~ C ! ~  C 55.36 54.95 


0022-3549/82/ 0 100-0 119$0 1.00 
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Table 11-Spectral Data for Diaryl-4,5,6,7-tetrahydroimidazo- 
[4,5-c]pyridines 


IR Spectrum lH-NMR Spectrum 
Com- (KBr): (deuterodimethylsulfoxide), 
pound urn=, cm-' ppm 


I1 3100-2800 (bd), 2.5 (t, 2H, C-4, CHz), 
1610,750, and 695 2.7 (t, 2H, C-5, CHz), and 


7.16-7.4 (m, l l H ,  Ar, C-2) 
111 3250-2850 (bd). 2.6 (t. 2H. C-4. CH?), 


1610.775. and 745 ' 2.9 (t. 2H. 6-5. C-HO). 
7.2 im, 2H, Arj, 7.6(5H, Ar, 
c-2). 
and8.3 (2H, Ar) 


2.7 (t, 2H, (2-5, CHz), 2.9 
IV 3100-2600 (bd), 2.16 (t, 2H, C-4, CHz), 


1610,750, and 695 
(d. 2H. CH?). 


V 


VI 


3200-2850 (bd), 1620 
and 745 


3200-2800 (bd), 
1620, 1580,790, 
and 755 


3.4 (d,'2H, CH,), 7.2 (m, 10H, 
Ad, 
and 7.6 (S, IH, C-2) 


1H. C-21. and 


3.3 (t, 2H, C-4, CHz), 
3.75 (t, 2H, C-5, CHz), 8.06 (S, 


7Z'(m,3H, Ar) 
2.6 (t, 2H, C-4, CHz), 


3.1 (t, 2H. C-5. CH?), 
6.8 (m, 2H, Ar), 7.8(m, 3H, 
Ar, C-2), and 8.3 (m, 2H, Ar) - 


RESULTS AND DISCUSSIONS 


The condensation of histamine free base (I) and a variety of aromatic 
and heteromatic ketones has given rise to a series of novel 4,5,6,7-te- 
trahydroimidaz0-[4,5-~]pyridines. The proposed structures are supported 
by pertinent spectral data and are consistent with ring closure at  C-5 of 
the imidazole ring with concomitant loss of the characteristic aromatic 
proton a t  6.9 ppm. 


A preliminary gross behavioral evaluation of each of these compounds 
in mice at  three different dose levels (33,54, and 66 mg/kg) has shown 


that the dipyridyl compound (111) exhibits a marked degree of convulsant 
activity. None of the other compounds were found to produce convulsions 
at  the same dose levels. Research is currently in progress to establish the 
possible mode of action of this novel heterocyclic system. 


EXPERIMENTAL' 


All syntheses were carried out by dissolving the appropriate ketone 
in n-butanol and treating the stirred solution with one equivalent of 
histamine-free base in n-butanol. The solutions were refluxed and 
monitored using TLC (cellulose; n-butanol-acetic acid-water, 41:l) until 
no further ketone could be detected. Removal of the solvent under re- 
duced pressure followed by repeated dilutions with methanol and then 
with acetone caused the precipitation of the crude free bases of the con- 
densation products. The resulting free bases were converted to their 
corresponding hydrochlorides which could be recrystallized from eth- 
anol-acetone . 
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Abstract 0 A rapid, sensitive, accurate, and reproducible procedure for 
the simultaneous separation and determination of phenylbutazone and 
three major degradation products is proposed using reversed-phase 
high-pressure liquid chromatography and UV detection. The method 
is -20 times more sensitive than TLC and allows an accurate determi- 
nation of degradation products without decomposition during the anal- 
ysis. 


Keyphrases 0 Phenylbutazone-analysis by high-pressure liquid 
chromatography, decomposition products 0 High-pressure liquid 
chromatography-analysis of phenylbutazone and its decomposition 
products 0 Degradation-phenylbutazone, analysis by high-pressure 
liquid chromatography 


An earlier report (1) outlined the difficulties relative to 
the establishment of an analytical procedure to detect the 
intermediate products of oxidation and hydrolysis of 


phenylbutazone (I). These products are 4-hydroxyphen- 
ylbutazone (111, N-(2-carboxycaproyl)hydrazobenzene 
(111), and N -  (2-carboxy -2-hydroxycaproyl) hydrazoben- 
zene (IV). GLC and TLC are not reliable procedures to 
monitor the stability of I, because artifacts are formed. 
TLC can only be used with special precautions as a quali- 
tative and quantitative test to determine I-IV (1). 


Reversed-phase high-pressure liquid chromatography 
(HPLC) is often used in stability studies because it is se- 
lective and rapid, and it is particularly recommended when 
the compound is easily oxidized and when extraction 
procedures may be degradative. No sample preparation 
is required for aqueous solutions and reversed-phase 
HPLC is especially attractive for injections of I because 
I undergoes decomposition in aqueous medium. Re- 
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Abstract 0 A series of 15 amidine, iminopiperidine, iso(thio)urea, and 
guanidine derivatives and six 2,5-dihydro-l,3,5,2-triazaphosphorines were 
synthesized. Most of the compounds were tested for ability to react with 
L-cysteine and for antitumor activity against sarcoma 180 and P-388 
murine tumor systems. Three acyclic phosphorylated imines and one 
triazaphosphorine showed activity in the former model to indicate that 
the P(O)N=C grouping serves as an oncolytic moiety. All agents con- 
densed with L-cysteine with the active antitumor compounds displaying 
a tendency for relatively higher reactivity with this amino acid. 


Keyphrases Phosphorus-nitrogen compounds-oncolytic phos- 
phorylated imines 0 Antitumor agents, potential-phosphorylated 
imines Phosphorylated imines-amidine, iminopiperidine, iso(thio)- 
urea, and guanidine derivatives, synthesis and screening for anticancer 
activity 


A number of synthetic and naturally occurring products 
possessing a,P-unsaturated carbonyl moieties or their 
congeners are reported to produce an oncolytic effect uia 
a type of Michael-condensation with biologically impor- 
tant nucleophiles. Since compounds that contain a P(0)- 
N=C grouping would be expected to undergo a similar 
reaction, a series of cyclic and acyclic phosphorylated 
imines were synthesized and tested for their ability to 
condense with L-cysteine and for anticancer activity. 


BACKGROUND 


Recently, there have been several investigations of conjugated systems 
that possess anticancer properties. Among those reported are phenyl 
nonenones (1,2), styryl ketones (3-6), a-methylene lactams and lactones 
(7-9), and cyclopentenones (10,l l) .  Each compound contains a carbonyl 
function with a lateral overlap between two *-bond systems to produce 
a molecular orbital encompassing all four atoms. A valence bond repre- 
sentation of the system is +C-C=C-0- where the 0-carbon bond 
carries a positive charge and is subject to nucleophilic attack. 


A related system contains an azomethine lactone grouping (IV) arising 
from the dehydration of carbinolamide derivatives (111) which were 
synthesized during an investigation of the “eastern zone” of maytansine 
(12). The dehydration rate of these tertiary alcohols to the conjugated 
system correlated with their ability to react with DNA bases and to show 
antineoplastic activity. The carbinolamides also undergo 1,4-addition 
with alcohols and ethanethiol in the presence of trace acid (13). 


The only reported a,@-unsaturated system containing a phosphorus 
atom and concerned with anticancer activity is a proposed metabolite 
of cyclophosphamide (14). Iminophosphamide(V1) is thought to arise 
from the dehydration of 4-hydroxycyclophosphamide(V), providing an 
alternative explanation for the presence of 4-ethoxycyclophosphamide 
in microsomal incubation mixtures of V treated with ethanol. 


Cyclophosphamide remains the most used and investigated chemo- 
therapeutic of this chemical type. Studies, including those involving 
metabolism, have not completely accounted for this superior effective- 
ness. It can be speculated that the P(O)N=C moiety of VI may provide 
alkylating properties in addition to those of the nitrogen mustard group. 


1 


I11 IV 


HO 


V VI 
This functionality may permit the in vivo formation of substituted de- 
rivatives as stable, and less toxic transport forms. Support for this latter 
hypothesis is given by studies with 4(S,R) sulfido cyclophosphamide 
derivatives as stabilized forms of activated V (15). 


The biological nucleophile most frequently associated with 1P-addition 
to a,0-unsaturated system is L-cysteine, alone or as part of a protein 
molecule (16). However, correlation between L-cysteine and cytotoxicity 
was not observed in certain sesquiterpene lactones (17) and a-methylene 
lactones (9). 


With this in mind, a series of acyclic(1) and cyclic(I1) phosphorylated 
imines were synthesized for an investigation of their antitumor and L- 
cysteine addition properties (Table I). 


EXPERIMENTAL 


All solvents used were spectranalyzed or reagent grade. Melting points 
were determined by the capillary method (oil bath) and are corrected to 
reference standards. IR’ (potassium bromide or neat for Ic), UV2, and 
mass3 spectra were recorded. ‘H-NMR4 (in deuterochloroform) and 
13C-NMR5 (in dimethylsulfoxide-d6) spectra were measured in parts 
per million with tetramethylsilane as the internal standard. Elemental 
microanalyses were performed6. Silica gel 60 (70-230 mesh) was used 
for column chromatography and silica gel GHLF7 was used for TLC. 


Seven compounds [Ie, I f ,  Ij, Ik (18), Ig, Ih (191, and In (2011 were 
prepared using literature methods employing the usual reaction of 
phosphoro(di)chloridates with compounds possessing imino groups or 
their salts. The catalytic hydrogenolysis of I j  gave Io (18). Compounds 
Ib,  Ii, 11, and Im were synthesized from N-methyl-1-chloro-N’-(dichlo- 
rophosphiny1)formamidine according to the procedure of Derkach and 
Narbut (21), while the triazaphosphorines IIa-IId were prepared by a 
novel reaction involving an intramolecular cyclization of bis imides (20). 
Compound Ic was prepared previously (22) from triethylphosphite and 
ethyl N-chloroacetamidine and isolated by vacuum distillation (bp 
49-50’, 0.08 mm Hg). Compound Ic was synthesized using 4.7 g (0.05 
mole) of acetamidine hydrochloride and 8.6 g (0.05 mole) of diethyl 
phosphorochloridate in the presence of 11.1 g (0.11 mole) of triethylamine 
and the product purified by chromatography. A solution of the chloridate 
in 50 ml of methylene chloride was added dropwise with stirring under 
nitrogen to the amidine salt and triethylamine in methylene chloride (100 


R* 


‘R2 


I I1 


Perkin-Elmer 282 spectrophotometer. 
Perkin-Elmer 200 spectrophotometer. 


8 Hewlett-Packard 58930 GC/MS with 5933A data system. * Varian Associates T-60 spectrometer. 
5 By Dr. G. E. Martin, employing a Varian Associates XL-100 spectrometer. 


Atlantic Microlab, Inc., Atlanta, Ga. 
Analtech. 
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Table I-Acyclic (I) and Cyclic (11) Phosphorylated Imines 


Melting Point 
Compound R' R2 R3 or Boiling Pointlmm Formula 


Ia 
I6 
Ic 
Id 
Ie 
If 
Ig 
Ih 
Ii 


I1 
Irn 


:'k 


CioHijN40zPS2 114-114.5' 


0 Lit. mp 161'; ref. 18. b Lit. bp 100-103°/0.6 mm; ref. 21. See Experimental 
ref. 18. 


ml) a t  0 O .  The reaction mixture was stirred to room temperature over a 
2-hr period and refluxed for 12 hr. The mixture was filtered, spin evap- 
orated, and the residue dried under vacuum. This material was extracted 
with benzene, filtered, and the residue dried under vacuum. The crude 
product was chromatographed with 10% methanol in chloroform to yield 
the pure material; IR: 3380,3180 (NHz), 1658 (N=C), and 1200 (P=O) 
cm-'; 'H-NMR: 1.32 (t, 6H, 2CH3), 2.15 (s, 3H, CH3), 4.05 (m, 4H, 2CH2), 
and 7.12,7.40 (2bs, 2H, NHz) ppm; mass spectrum: rn l z ,  194 (M+) (36.8%) 
and 195 (M+I)(6.0%). 
N-(Diethoxyphosphiny1)phenylbenzamidine (Id)-To a solution 


of 4.9 g (0.1 mole) of N-phenylbenzamidine and 10.1 g (0.1 mole) of tri- 
ethylamine in 250 ml of ether was added a solution of 4.3 g (0.025 mole) 
of diethyl phosphorochloridate in 50 ml of ether, dropwise with stirring. 
The mixture was refluxed for 4 hr and filtered. The filtrate was concen- 
trated by spin evaporation to yield, after drying in a vacuum desiccator, 
an analytically pure product; 'H-NMR: 6.69-7.69 (m, 10H, aromatic), 
3.59-4.28 (p, J = 7 Hz, 4H, 2CH2), and 1.20 (t, J = 7 Hz, 6H, 2 CH3). 


Anal.-Calc. for C13H14N303P: C, 61.34; H, 6.37; N, 8.43. Found: C, 
61.43; H, 6.39; N, 8.42. 
N-(Diphenoxyphosphinyl)-3-iminopiperidine (10)-A solution 


of 26.9 g (0.1 mole) of diphenyl phosphorochloridate in 100 ml of benzene 
was added dropwise with stirring a t  5-10' to a solution of 13.4 g (0.01 
mole) of 2-iminopiperidine hydrochloride and 30.3 g (0.3 mole) of tri- 
ethylamine in 150 ml of benzene. The mixture was refluxed for 3 hr, a t  
which time only two spots developed on a TLC plate (50% benzene in 
chloroform) at  the origin (12 vapor) and a t  Rf 0.41 (UV and Iz vapor). The 
mixture was cooled and filtered. Recrystallization of the residue from 
benzene produced a pure product. I3C-NMR: pyridine carbons, 17.8 and 
19.8 (C-4 and C-5), 28.1 ( J  = 7.1 Hz, C-3), 42.3 (C-6), and 169.3 ( J  = 4.6 
Hz, C-11, 125.4 (C-4), 129.9 (C-31, and 150.0 ( J  = 7.3 Hz, C-1). 


And-Calc. for C17H19N203P: C, 61.81; H, 5.80; N, 8.48. Found: C, 
61.89; H, 5.81; N, 8.47. 
2-(Bis-n-butylaminophosphinyl)- 1-n-butyl-3-methylguanidine 


(11)-To a solution of 6.67 g (0.066 mole) of triethylamine and 4.82 g 
(0.066 mole) of n-butylamine in 20 ml of benzene, precooled to -10" and 
under a nitrogen atmosphere, was slowly added a solution of 4.10 g (0.02 
mole) of N-methyl-l-chloro-N'-(dichlorophosphinyl)formamidine (21) 
in 60 ml of benzene. The reaction mixture was stirred a t  room tempera- 
ture for 12 hr, filtered, the filtrate washed three times with water, and 
the benzene layer dried over anhydrous potassium carbonate. The ben- 
zene was removed under reduced pressure to yield a glassy solid. The 
crude product was purified by column chromatography using chloro- 
form-ether (9:l) as the eluent. Recrystallization from methylene chlo- 
rideether gave a white solid; I R  3280 (NH), 1630 (C=N), and 1120,1090 


Lit. mp 86-87O; ref. 21. Lit. mp 92.5'; ref. 18. J Lit. mp 116; ref. 18. Lit. 


~~ 


' Lit. mp 118'; ref. 18. Lit. mp 86-87'; ref. 18. / Lit. mp 78'; ref. 19. g Lit. mp 80"; 


(P=O) cm-'; 'H-NMR 0.65-1.60 (m, 21H, 3 C H ~ C H Z C H ~ ) ,  1.80-2.40 
(m, 2H, 2 NHP=O), 2.40-3.30 (m, 9H, CH3N and 3 CHzN), and 5.3M.25 
(bd, 2H, 2 NHC=N) ppm; mass spectrum: mlz, 247 (loo), 191 (48), 149 
(44), and 319 (M+, 41). 


And-Calc. for C ~ ~ H ~ ~ N S O P :  C, 52.62; H, 10.73; N, 21.92. Found C, 
52.56; H, 10.72; N, 21.88. 


2-Bis(2-chloroethyl)amino-4,6-dimethyl-2,5-dihydro- 1,3,5,2- 
triazaphosphorine-2-oxide (He)-To a mixture of 4.7 g (0.05 mole) 
of acetamidine hydrochloride and 1.1 g (0.11 mole) of triethylamine in 
250 ml of methylene chloride was added, with stirring, cooling a t  5-10', 
and under a nitrogen atmosphere, 6.5 g (0.025 mole) of N-bis(2-chlo- 
roethy1)phosphoramidic dichloride. The reaction mixture was refluxed 
for 18 hr and filtered. The filtrate was spin evaporated and the residue 
dried under vacuum. The remaining material was extracted with acetone, 
the solvent removed by spin evaporation, and the crude product chro- 
matographed with 20% methanol in chloroform to give a crystalline solid. 
This material was recrystallized from chloroform to yield the pure 
product; IR: 3260 (NH), 1630, 1660 (C=N), and 1210 (P=O) cm-'; 
IH-NMR 2.16 (s, 6H, 2CH3) and 2.95-3.75 (m, 8H, 4CHz) ppm; mass 
spectrum: r n l t ,  284 (M+, 1.9) and 286 (M+2, 1.0). 


And-Calc. for CsH15C12N40P: C, 33.79; H, 5.32; N, 19.71. Found: 
C, 33.63; H, 5.39; N, 19.64. 
2-Bis(2-chloroethyl)amino-4,6,diphenyl-2,5-dihydro-l,3,5,2 - 


triazaphosphorine-2-oxide (110-The method employed was the same 
as for IIe with the use of 7.8 g (0.05 mole) of benzamidine hydrochloride 
instead of acetamidine hydrochloride and except for the chromatographic 
and recrystallization procedures. The first elution was stepwise with 100 
ml of chloroform followed by 2,5,  and 10% of methanol in chloroform. 
Recrystallization from methylene chloride gave the pure product; IR: 
1610, 1630 (C=N), 1580 (C=C), and 1200 (P=O) cm-'; 'H-NMR 
3.0-3.7 (m, 8H, 4CHz), 7.2-8.9 (m, 10H, aromatic), and 11.5 (bs, l H ,  NH) 
ppm; mass spectrum: mlz, 408 (M+, 1.8) and 410 (M+2, 0.8). 


And-Calc. for C18HI9Cl2N40P: C, 52.80; H, 4.68; N, 13.69. Found: 
C, 52.76; H, 4.73; N, 13.66. 


An improved method for the preparation of N-bis(2-chloroethy1)- 
phosphoramidic dichloride for use in the synthesis of IIe and IIf was 
devised. A previous procedure (23) employed vacuum distillation to get 
this product, whereas a slightly higher yield was obtained using recrys- 
tallization for the purification step. A suspension of 50.0 g (0.28 mole) 
of bis(2-chloroethy1)amine hydrochloride, purified by washing with ac- 
etone, in 213.8 g (1.37 moles) of freshly distilled phosphorus oxychloride 
was refluxed at  135-140" in an oil bath for 15 hr or until a clear mixture 
was obtained. Excess phosphorus oxychloride was removed under vac- 
uum. The residue was dissolved in warm acetone, filtered, the filtrate spin 


mp 149-150'; ref. 21. ' Reference 20. 
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Table 11-Antitumor Testing 


Sarcoma 180 P-388" 
mgkg mgkg TIC% 


l a  200 144c 200d 
I b  400 93 100e .. . ~~ 


I c  100 
I d  400 
If  100 


._ 


132 
89 
97 


- 
100e 
50f 


400 112 - 
400 128 200e 


Ii: 
I h  ~~~ _. . 


i i  400 95 
100 110 ;i 50 100 


_. . 


100e 
200d 
l 0 0 d  


I 1  50 89 25g 
I m  400 89 200e 
I n  400 93 
I 0  25 122 25e 


I1 a 200 109 200d 
I1 c - - 200d 
I1 d 200 109 200d 
I1 e 100 144c 500 


- 


100 
110 


99 
104 


100 


- 


- 
~ . .  


93 
97 


101 
108 
86 


99 
95 


106 
92 


104 


- 


a Performed by contractors of the National Cancer Institute, National Institutes 
of Health, according to general screening procedures; Ref. 24. In each case the results 
from the highest, nontoxic dose are shown. Average survival time (treated/control) 
X 100. 1 cure/d mice. Administered five times, every other day, beginning with 
Day 1. e Administered nine times, each day, beginning with Day 1. f Results of the 
rey t s tudy .  8 Administered three times, four days apart, beginning with Day 1. * dmtnistered once on Day 1. 


evaporated, and the residue dried under vacuum. This material (71.0 g) 
was refluxed for 0.5 hr with 400 ml of ether, the suspension filtered to 
remove ether insoluble substances, and the filtrate concentrated to give 
two crops of pure product totaling 60.8 g (83.8%) melting at  53-55' [lit. 
(23) mp 54-56']. 


A modified procedure of Cassady et al. (9) was employed for the 
measurement of L-cysteine addition. To 2.0 ml of 1.25 X M L-cys- 
teine in 0.05 M phosphate buffer (pH 7.4) under nitrogen atmosphere 
in a I-cm cell was added 50 pl of a lo-* M solution of the test compound 
or cyclopentenone in tetrahydrofuran. The reference cell contained 2.0 
ml of the L-cysteine solution and 50 pl of tetrahydrofuran. After 4 min, 
0.1 ml of M 2,2'-dithiopyridine in tetrahydrofuran was added to each 
cell, the cells inverted to affect mixing, and the absorbance read a t  343 
nm. The method was done in triplicate, the values averaged, and the 
deviations between the three values were calculated. The absorbances 
of the test compounds were converted to values relative to cyclopenten- 
one, arbitrarily set at  100. 


Pharmacological Testing-Groups of six female Swiss albino mice 
weighing 20 f 2 g were injected intraperitoneally with 0.1 ml of ascites 
fluid from donor mice bearing 7-day tumor growths and containing -7.5 
X 106 Sarcoma 180 cells. After 24 hr (Day 1) the control group was in- 
traperitoneally administered 0.2 ml of vehicle consisting of 2% polyoxy- 
ethylene (20) sorbitan monooleate in normal saline, and test groups were 
similarly dosed with 0.2-ml solutions or suspensions of the compounds 
in vehicle. The injections were repeated every other day for a total of five 
doses. Animals surviving 30 days from Day 1 were considered to be cured 
and were calculated as 30-day survivors in the calculation of average 
survival times (treated/controls X 100). Control groups survived an av- 
erage of 15.4 f 2.7 (first study) and 16.5 f 3.2 (second study) days. Prior 
to tumor testing the maximum nontoxic dose of each compound, up to 
400 mglkg, was estimated by similar injections of female albino mice with 
the above preparations. 


RESULTS AND DISCUSSION 


The only chemistry deemed appropriate for discussion concerns 
compound 10. Although it was assumed that phosphorylation occurs a t  
the more basic imino nitrogen of 2-iminopiperidine, this starting material 
also possesses a secondary amine nitrogen capable of substitution. The 
only product isolated was converted to the hydrochloride salt and both 
it and 2-iminopiperidine hydrochloride were subjected to I3C-NMR 
spectral analysis. The pertinent chemical shifts and couplings occurred 
as singlets at  25.3 and 116.5 ppm, which were assigned to C-2 and C-3 of 
the piperidine ring, respectively, for the starting material and as doublets 
a t  28.1 and 169.3 ppm for the same carbon atoms in the product. If the 
piperidino nitrogen were phosphorylated, additional splitting of the ring 
carbon atoms a t  the 5- and 6-positions would be expected. 


The effect of the compounds on the survival times of mice bearing 
Sarcoma 180 and P-388 ascites cells is shown in Table 11. The Sarcoma 


Table 111-L-Cysteine Addition 


Compound Relative Reactivity 


Cyclopentenone 100.0 f 8.1 
I g  79.4 f 3.6 
I a  77.3 f 1.1 
I1 a 
I k  
I n  
I f  
I c  
I 0  
I 1  


I1 e 


I1 d 
I1 b 
I i  
I h  
I e  
I d  


I i  


77.1 f 5.1 
74.0 f 2.2 
74.0 f 2.2 
65.0 f 6.7 
64.5 f 3.3 
61.7 f 1.1 
59.2 f 3.9 
54.9 f 1.1 
50.4 f 1.1 
50.4 f 1.1 
49.3 f 4 5  ~~ ~. 


47.1 f 6.7 
47.1 f 2.3 
40.4 f 4.5 
33.6 f 6.7 


180 testing was done in two sets of experiments, while the P-388 screening 
was done periodically over a 1-year period. The initial Sarcoma 180 study 
involved Id, Ig-Ii, and Ik-Im. Four compounds, Id, Ii, 11, and Im pos- 
sessed bulky substituents on the imino carbon atom. The inactivity of 
these agents led to speculation that adverse steric or solubility factors 
were involved. However, Ig and 11, whose toxicity required reduction to 
a lower dose, also gave negative results. The positive effect of Ih and the 
initial presumptive activity of If against P-388 (which was not confirmed 
in later testing) prompted the synthesis of compounds possessing methyl 
or methoxy and amino or methylamino groups as the two imino carbon 
substituents. Subsequently, the remaining derivatives, principally those 
with the aforementioned substituents and several with increased hy- 
drophilicity, were synthesized and tested. Activity was found with IIe 
> Ia > Ic > Ih and borderline effects with 10 and 110, based on T/C ?6 
values. Each of these four active compounds possess methyl, methoxy 
and amino, or NH grouping on the imino, or comparable, carbon atom. 
Of the three active imido derivatives, the highest activity was found in 
those with the greatest hydrophilicity, Ia and Ic. Compound IIe, bearing 
a nitrogen mustard moiety had the greatest activity, but the effects 
produced by 10, Ic, and Ih establish the P(O)N=C system as a new on- 
colytic grouping, probably acting through an alkylating mechanism. 
Although seven and ten different atoms or groups were used for R1 and 
attached to the imino carbon atom, respectively, it is believed that sub- 
stituents providing optimum electronic, steric, and solubility charac- 
teristics leading to the most active derivatives of this nature have yet to 
be found. 


Seventeen compounds were also investigated for ability to condense 
with L-cysteine (Table 111). Some derivatives, e.g. Im, were not suffi- 
ciently soluble for use in the procedure. Of the antitumor agents tested, 
Ia, IIa, and Ic were among the seven compounds possessing the highest 
degree of reactivity with the amino acid while Ih gave anomalous results. 
Based on this evidence, there is no precise correlation between biological 
and chemical activities but there appears to be some relationship between 
these effects. 
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Abstract 0 Five triorganotin 5-nitro-2-furoates were synthesized by 
reacting 5-nitro-2-furoic acid with either the corresponding bis(triorga- 
notin) oxide or the corresponding triorganotin hydroxide. The IR spec- 
trum of each compound was obtained over the 4000-200-~m-~ range, and 
some of the bands were assigned. One compound, tri-n-butyltin 5- 
nitro-2-furoate, was an excellent antifungal agent, completely inhibiting 
the growth of six of ten test fungi a t  a concentration of 1 rg/ml. The new 
compounds were also investigated for antibacterial activity and were 
especially inhibitory toward Gram-positive species. Two of the com- 
pounds completely inhibited the Gram-negative bacterium Escherichia 
colj a t  a concentration of 100 pg/ml. 


Keyphrases 0 Organometallics-triorganotin compounds, synthesis, 
tested for antifungal and antibacterial activity Tin-triorganotin 
compounds, synthesis and evaluation as antifungal and antibacterial 
agents 0 Antifungal agents, potential-triorganotin compounds, syn- 
thesis Antibacterials, potential-triorganotin compounds, synthesis 


Many biocidal applications have been found or sug- 
gested for organotin compounds (1, 2). The specific or- 
ganotin compounds currently used in agriculture were 
reviewed recently (3-5). Their use in agriculture as fun- 
gicides and pesticides is of special interest because they 
degrade to nontoxic inorganic compounds and, therefore, 
appear to pose little threat to the environment (6-10). 
Recently, a series of diorganotin dihalide complexes was 
shown to exhibit antitumor activity (11). 


It  was reported previously that N-substituted N-(tri- 
phenylstanny1)cyanamides (I) are better antifungal agents 
than N-substituted N’-cyano-S-(triphenylstanny1)iso- 
thioureas (11) and N-substituted N’-cyano-0-(triphen- 
ylstanny1)isoureas (111) (12). The I compounds were similar 
in activity to ethyl N-aryl-S-(triphenylstanny1)isothio- 
carbamates (IV). Triethylammonium (organocyanoam- 
ino)chlorotriphenylstannates (V), which are the triethyl- 


ammonium chloride complexes of the I compounds, re- 
portedly exhibit higher antifungal activity than the I 
compounds (12). Although all of the compounds men- 
tioned inhibited Gram-positive bacteria, they showed little 
inhibitory activity toward Gram-negative bacteria. In this 
respect, they resemble numerous other organotin com- 
pounds (13-16). One purpose of the present study was to 
synthesize some organotin compounds that might inhibit 
both Gram-positive and Gram-negative bacteria. Since 
5-nitro-2-substituted furans are known to inhibit both 
Gram-positive and Gram-negative bacteria (17-19), the 
antibacterial activity of some triorganotin 5-nitro-2-fu- 
roates (VI) was studied. The antifungal activity of these 
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from higher plants and microbial sources which were not covered else- 
where in the text but of sufficient scientific interest as possible new 
agents. 


fletlieured by Iris H. Hall 
Department of Medicinal Chemistry 
School of Pharmacy 
[Jniuersity of North Carolina 
Chapel Hill, NC 27514 


Terpenoids and Steroids, Vol. 10. Senior Reporter, J. R. HANSON. The 
Royal Society of Chemistry. Burlington House, London W1V OBN, 
England. 1981. 284 pp. 15 X 23 cm. (Available from: Special Issues 
Sales, American Chemical Society, 1155 16th Street, N.W., Washing- 
ton, DC 20036.) 
This is the 10th volume on terpenoids and steroids in the valuable series 


first puhlished 11 years ago. The aim of the series is to provide systematic, 
comprehensive, and critical reviews of progress in the major areas of 
chemical research. This volume reviews literature published between 
September 1978 and August 1979. 


Volume 10 does not contain a subject index hut is organized in a sys- 
tematic manner that facilitates the location of information. There is also 
an extensive author index which is helpful to those following the research 
of a given individual. The  book contains 1700 chemical structures and 
is documented with 1900 references, conveniently listed on the page of 
each chapter where first noted. 


Part I, which covers the terpenoids, is divided into chapters that in- 
clude sesquiterpenoids, diterpenoids, triterpenoids. and carotenoids and 
polyterpenoids. Chapters on monoterpenoids and the biosynthesis of 
terpenoids and steroids, unlike many of the earlier volumes, are not in- 
cluded. The chapter on monoterpenoids will be included in the next 
volume. 


Part  11, which covers the steroids, is divided into two chapters. The 
chapter on physical methods includes sections on structure and confor- 
mation, NMR spectroscopy, chiroptical phenomenon, mass spectrometry, 
miscellaneous physical properties, and analytical methods. The chapter 
on steroid reactions and partial syntheses contains sections devoted to 
each of these topics. 


The first section is divided topically according to the more common 
tunctional groups and such important subjects as molecular rearrange- 
ments, f'unctionalization of nonactivated positions, and photochemical 
reactions. The second section on partial syntheses, covers cholestane 
derivatives, vitamin D and its metabolites, pregnanes, androstanes and 
oestranes, cardenolides, heterocyclic steroids, and microbiological oxi- 
dations. 


An unusual variety of terpenoid st.ructures, particularly from insect 
and marine sources, has been included in this volume. The sharp increase 
in the use of high-field 'H-NMR and ' C N M R  is evident in this re- 
view. 


The  six reporters who prepared this volume are to be commended for 
maintaining the high standards set by the previous volumes in this series. 
Everyone interested in the chemistry of terpenoids and/or steroids should 
have access to this volume and the others in the series. 


Reuieuwd by Norman J. Doorenhos 
College of Science 
SOU thern Illinois University 


at Carbondale 
Carbondale, I L  62901 


Lexikon der Hilfsstoffe fu r  Pharmazie, Kosmetik und angrenzende 
Gebiete. By HERBERT P. FIEDLER, Editio Cantor Aulendorf, 
D-7960 Aulendorf, West Germany, 2 Volumes, 1081 pp.. 17 X 24 cm., 
1981, Price: 245 DM. 
In view of the scarcity of textbooks dealing exclusively with excipients, 


the revised and expanded edition of the Lexikon der Hilfsstoffe is a timely 
contribution to the reference libraries of pharmaceutical companies, 


regulatory agencies, and schools of pharmacy. Comparison of the contents 
with the original one-volume edition published in 1970 demonstrates the 
evolution of a broader and more critical attitude toward available tech- 
nical information on excipients. 


The author has provided a series of  tables listing specific physical 
propert.ies of excipients, types of surfactants used in pharmaceutical or 
cosmetic preparations, HLB values, MAC (maximum workplace con- 
centration) values, colorants suitable for cosmetic preparations, and a 
table of the German and English titles of selected excipients together with 
their Merck Index and Chemical Abstracts Registry Numbers where 
appropriate. 


The main hody of the text lists excipients in alphabetical order with 
information on t,heir physical, chemical, and biological properties. There 
is considerable variation in coverage between excipients, which reflects 
the author's judgment or the extent of information available to him. It 
is clear that Dr. Fiedler has made a special effort to make these volumes 
useful to English-speaking pharmaceutical scientists. However, the 
construction of some of the interminable German sentences may create 
impatience in readers with a limited knowledge of the language. 


As far as this reviewer knows, no similarly detailed encyclopedia of 
excipients has appeared in the English language. Until this gap is properly 
filled, the Lexihon der Hilfsstoffe will remain a valuable source book for 
pharmaceutical scientists engaged in dosage form design, production, 
and control. 


Reviewed bv Jack Cooper 
School of Pharmacy 
Uniuersity of California 
San Francisco, CA  94143 


USAN and  the USP Dictionary of Drug  Names 1982. United States 
Pharmacopeial Convention, 12601 Twinbrook Parkway, Rockville, MD 
20852.1981.614 pp. 21 X 28 cm. Price $25.00 (Foreign: $40.00 A 0  rate, 
$27.00 surface rate). 
The  1982 edition of USAN and the USP Dictionary of Drug Names 


has been updated in some subtle but important ways. The entry format 
and familiar orange cover are the same but the book itself' IS 104 pages 
longer than last year. There are 96 new adopted names in this edition, 
inclusive to June 15, 1981. Many International Nonproprietary Names 
and graphic formulas from the World Health Organization's listings have 
been added as well as the molecular weights of compounds where ap- 
propriate. 


There are over 17,000 entries and 2043 adopted names in this issue. 
'I'he three appendixes and five lists that  appear in the back of the book 
a ~ . .  the same as last year. 


USAN is the officially recognized source of drug names for the USP, 
the National Formulary, and the major source used by the FDA in re- 
ferring to drug substances. Consequently, this book is an invaluable 
reference to those in the drug trade and health professionals. 


Staff Reuiew 


Synthesis wi th  S tab le  Isotopes of Carbon, Nitrogen, and  Oxygen. 
By DONALD G. OTT. Wiley, 605 Third Ave., New York, NY 10016. 
1981. 224 pp. 16 X 24 cm. Price $28.50. 
This book is designed for chemists who are confronted with the need 


to prepare a compound with a stable isotope of carbon, nitrogen, or 
oxygen. I t  is intended to he useful for individuals actively involved in 
labeled compound synthesis as well as for chemists just entering the 
field. 


Although compounds are presented in chapters according to lunctional 
groups, not all compounds appear in designated chapters. However, the 
text contains an index that lists all labeled compounds. The compounds 
are cited in the index as a product of synthetic procedures or as a reactant. 
Unfortunately, the index does not indicate information other than the 
compounds. 
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In many cases, the synthesis of a compound is provided in detail, hut 
sometimes the reader is referred to a reference. References are used lib- 
erally throughout the text. The author indicates that  the text does not 
contain all syntheses that, have been developed for stable isotopes con- 
sidered in the hook, and states that the preparations presented represent 
types of reaction methods and techniques that may be applicable to many 
products other than those shown in the text. The efficient synthesis of 
key intermediates has been considered to be particularly important. 


The text is concise, unique, and useful for individuals wishing to syn- 
thesize labeled compounds with stable isotopes and should be beneficial 
to all chemists involved in this area of research. 


Reoieioed by Stanley M. Shaw 
Rionucleonics Department 
Purdue Unioersity 
West Lafayette, IN 47907 


Anionic Polymeric Drugs. Edited by L. G. DONARUMA, R. M. OT- 
TENBRITE, and 0. VOGL. Wiley, 605 Third Ave. New York, NY 
10016.1980.356 pp. 15x23 cm. Price $39.50. 
This work is written as a first volume in a series to be published under 


the heading “Polymers in Biology and Medicine.” The series is aimed 
a t  integrating knowledge in polymer sciences; it deals with endogenous 
polymers on one hand, and synthetic polymers used in biological and 
medical applications on the other. 


The book is written by a number of experts, each contributing in their 
field. The work presents an overview of polymers as drugs, drug carriers, 
drug delivery systems, and as biopolymers in medicine. The structure 
and biological activity of polysaccharides and polycarboxylic acids are 
reviewed, with a discussion of the synthesis, characterization, and che- 
lating properties of polycarboxylic acids. 


An extensive review is provided of the divinyl ether-maleic anhydride 
copolymers (Pyran copolymer) and related structures. The discussion 
ranges from a captivating historical background through an in-depth 
discussion on a range of biological activities as they relate to structure, 
including the effects of polymers on the immune system. Subsequently 
the work expands on antiviral activity, effect on mixed-function oxidases, 
interferon induction, and antitumor activity. 


The monograph represents a thorough and broad review of the 
chemistry, physics, charcterization, pharmacological, and physiological 
effects of polyanions with emphasis on the so-called Pyran polymers 
which have been studied most extensively. The editors have succeeded 
in bridging the gap between polymer science, biology, and medicine by 
providing a balanced mix that brings the reader up to date with the 
frontier of this fundamental research. 


Reuiewed by Felix Theeuwes 
Vice President, Product 
Research and Development 
Alza Corporation 
Palo Alto,  CA  94304 


Foreign Compound Metabolism in Mammals, Vol. 6. A Specialist 
Periodical Report. Senior Reporter D. E. HATHWAY. The Royal 
Society of Chemistry, Burlington House, London, W1V OBN, England, 
1981.390 pp. 13 X 22 cm. Price $138.00. 
This book is the latest in a series of literature reviews on the titled 


subject which are compiled by Dr. Hathway and associates every two 
years. For the most part, the organization of the book follows the format 
introduced in the previous volume. With the exception of the first chapter 
on pharmacokinetics, the emphasis is on papers published during 1978 
and 1979 pertaining to the biotransformation of xenobiotics. Although 
most of the book is devoted to drugs, there are chapters on “Industrial 
Chemicals and Miscellaneous Organic Compounds,” “Agricultural 
Chemicals,” and “Food Additives.” 


This series represents the closest thing available to a systematic, pe- 
riodic review of both the conceptual and compound-oriented aspects of 
the drug metabolism literature. Although the reviewed literature is 2-3 


years old, a search of the Sciencp Citation Index for the cited references 
can bring anyone up to date in the areas of  drug metabolism covered in 
a relatively short time. The material presented appears adequately in- 
dexed to allow this volume to he used for reference purposes. In cont,rast 
to the previous volume, an author index has been omitted. This is not a 
serious loss because most workers are more interested in following a 
particular subject or compound rather than an author (other than 
themselves). The t,able of contents is as sufficiently detailed as a subject 
index whereas the “Index of Compounds and Metabolites” a t  the back 
of the book lists specific compounds discussed. 


Despite a few lapses found, e.g., misspelling my name, eliminating three 
coauthors (reference 43 on p. 205) and misplacing reference 60 on p. 207, 
the authors appear to have succeeded in producing a valuable (and ex- 
pensive) contribution to the practice of drug metaholism. 


Reoierued by Morton A. Schwartz 
Department of Riochrmktry 


and Drug Metabolism 
Hoffmann-La Roche Inc. 
Nut ley ,  N J  07110 


Steroid Analysis by HPLC: Recent Applications (Chromatographic 
Science Series, Volume 16). Edited by MARIE P. KAUTSKY, Dekker, 
Inc., 270 Madison Avenue, New York, New York 10016,1981.397 pages 
bound and illustrated. 15 X 23 cm. $45 (Price is 15% higher outside the 
U S .  and Canada). 
This book is divided into 11 major sections on: Bile acids, cardiac gly- 


cosides and related steroids, progestins, synthetic adrenocorticosteroids 
in pharmaceutical preparations and biological fluids, estrogens, D vita- 
mins, determination of sterol intermediates in cholesterol biosynthesis, 
steroid hormones in adrenal and testicular cells, enzymatic steroid ep- 
imers, and analysis of natural and synthetic hormones in foods and 
feeds. 


This volume is a collection of reviews by practicing chromatographers 
who describe their own work in detail and review in less detail work done 
by numerous others. Some 1980 references are cited but most are from 
1979 or before. Recent reviews are included in the 654 references cited 
in the eleven sections. However, the editor states that the volume makes 
no attempt to include all of the recent applications of HPLC to steroid 
analysis. 


The book is written for practicing analytical chemists, presenting 
laboratory tested approaches to problems in steroid separation and 
quantitation. Sufficient details are included to enable the analyst to 
quickly set up a system that would give satisfactory chromatography for 
routine analyses. This book would be a good source for information for 
any chromatographer who may be faced with an analysis in the steroid 
field for the first time. It could also he used for the purpose of reviewing 
any topic in the subject areas for developing new ideas, and for identifying 
key references. However, anyone using this book for the latter purpose 
should also supplement the information by surveying the current liter- 
ature, since the publication rate of recent advances in the steroid area 
has been growing rapidly. 


Reviewed by Robert E. Graham 
Food and Drug Administration 
Dallas District 
Dallas, T X  75204 


Food Chemicals Codex, Third Edition. Prepared by the Committee 
on Codex Specifications, Food and Nutrition Board, Division of Bio- 
logical Sciences. Assembly of Life Sciences, National Research Council, 
National Academy of Sciences, 2101 Constitution Ave., N.W., Wash- 
ington, D.C. 20418. 1981.735 pp. Price $45.00. 
The Food Chemicals Codex is the definitive source of information on 


food additives and processing aids. This new edition has been extensively 
revised and updated since the second edition, published in 1972. Over 
800 food ingredients and processing materials are included in 776 
monographs, 113 of which are new. A series of 400 IR spectra for many 
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Abstract 0 Five triorganotin 5-nitro-2-furoates were synthesized by 
reacting 5-nitro-2-furoic acid with either the corresponding bis(triorga- 
notin) oxide or the corresponding triorganotin hydroxide. The IR spec- 
trum of each compound was obtained over the 4000-200-~m-~ range, and 
some of the bands were assigned. One compound, tri-n-butyltin 5- 
nitro-2-furoate, was an excellent antifungal agent, completely inhibiting 
the growth of six of ten test fungi a t  a concentration of 1 rg/ml. The new 
compounds were also investigated for antibacterial activity and were 
especially inhibitory toward Gram-positive species. Two of the com- 
pounds completely inhibited the Gram-negative bacterium Escherichia 
colj a t  a concentration of 100 pg/ml. 


Keyphrases 0 Organometallics-triorganotin compounds, synthesis, 
tested for antifungal and antibacterial activity Tin-triorganotin 
compounds, synthesis and evaluation as antifungal and antibacterial 
agents 0 Antifungal agents, potential-triorganotin compounds, syn- 
thesis Antibacterials, potential-triorganotin compounds, synthesis 


Many biocidal applications have been found or sug- 
gested for organotin compounds (1, 2). The specific or- 
ganotin compounds currently used in agriculture were 
reviewed recently (3-5). Their use in agriculture as fun- 
gicides and pesticides is of special interest because they 
degrade to nontoxic inorganic compounds and, therefore, 
appear to pose little threat to the environment (6-10). 
Recently, a series of diorganotin dihalide complexes was 
shown to exhibit antitumor activity (11). 


It  was reported previously that N-substituted N-(tri- 
phenylstanny1)cyanamides (I) are better antifungal agents 
than N-substituted N’-cyano-S-(triphenylstanny1)iso- 
thioureas (11) and N-substituted N’-cyano-0-(triphen- 
ylstanny1)isoureas (111) (12). The I compounds were similar 
in activity to ethyl N-aryl-S-(triphenylstanny1)isothio- 
carbamates (IV). Triethylammonium (organocyanoam- 
ino)chlorotriphenylstannates (V), which are the triethyl- 


ammonium chloride complexes of the I compounds, re- 
portedly exhibit higher antifungal activity than the I 
compounds (12). Although all of the compounds men- 
tioned inhibited Gram-positive bacteria, they showed little 
inhibitory activity toward Gram-negative bacteria. In this 
respect, they resemble numerous other organotin com- 
pounds (13-16). One purpose of the present study was to 
synthesize some organotin compounds that might inhibit 
both Gram-positive and Gram-negative bacteria. Since 
5-nitro-2-substituted furans are known to inhibit both 
Gram-positive and Gram-negative bacteria (17-19), the 
antibacterial activity of some triorganotin 5-nitro-2-fu- 
roates (VI) was studied. The antifungal activity of these 
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Table I-Triorganotin 5-Nitro-2-furoates 


Compound R Yield, %a Melting Pointb Formula 
Analysis, % 


Calc. Found 


111.8-112.5' C23H17NOsSn c 54.59 
H 3.39 
N 2.77 
Sn 23.45 


68-69.7' C17HzgNOsSn c 45.77 
H 6.55 


154.8-156' 


79.3-80' 


190-192" 


N 2.67 
Sn 22.64 


C35H41N05Sn C 62.33 
H 6.13 
N 2.08 
Sn 17.60 


CsH11NO5Sn C 30.04 
H 3.47 
N 4.38 
Sn 37.12 


54.51 
3.59 
2.90 
23.09 
45.60 
6.63 
3.28 
26.67 
52.92 
6.98 
2.82 
22.57 
62.56 
6.26 
2.13 
17.84 
30.15 
3.74 
4.43 
36.89 


~ ~ ~ 


0 Based on material melting within 5' of the analytical sample. b Refers to the analytical sample. 


Table 11-IR Spectra  of Triorganotin 5-Nitro-2-furoates a 


SnR3C 
Compound C=O c-0 uas u s  


VIa 1613s 1355s 268sd 234s 
VIb 1610s 1350s 605w 510w 
VIc 1613s 1353s 610w 510w 
VId 1613s 1353s 610m 510w 
VIe 1615se 1345s 558m 510w 


Values are expressed in centimeters-'; s = strong, m = medium, and w = weak. 
The data for 4000-400 cm-' were obtained using potassim bromide pellets. The 
data for 400-200 cm-' were obtained using mineral oil. Refs. 22 and 23. c Refs. 
24 and 25. A strong band was present at 280 cm-1. e A strong band was present 
at 1630 cm-l. 


compounds was compared also to that of the I-V com- 
pounds. 


RESULTS AND DISCUSSION 


Synthesis-Compounds VIa-VIe (Table I) were prepared by reacting 
5-nitro-2-furoic acid with either the corresponding bis(triorganotin) oxide 
(Vla-VId) (Scheme I) or the corresponding triorganotin hydroxide ( W e )  
(Scheme 11). The compounds were identified by elemental analysis (Table 
I) and IR (Table 11). Their IR spectra are considerably different from 
those of organic esters. Whereas the C=O stretching vibration of normal 
saturated organic esters occurs in the range 1750-1730 cm-I (20), the 


Table  111-Antifungal Activity of Triorganotin 5-Nitro-2-furoates a 


0 


+ H,O 
COSnR, 
II 
0 


VIaVId 
Scheme I 


C=O stretching vibration of the organotin esters in Table I1 occurs in 
the range 1630-1610 cm-l. This shift to lower frequency may be due to 
intermolecular or intramolecular coordination between the carbonyl 
oxygen and the tin atom. Interestingly, this shift occurred even for 
compound VId,  which has bulky neophyl groups around the tin atom. 
The organotin esters contained both the uas(SnC) and the ua(SnC) bands 
indicating that the triorganotin groups may he nonplanar in these com- 
pounds (21). 


Biological Results-Compound VIb was the best antifungal agent 
of the VI compounds (Table HI), completely inhibiting the growth of six 
of the ten test fungi a t  1 kg/ml and all of the test fungi at  10 pg/ml. 
Compound VIb was the best antifungal agent of the I-VI compound se- 
ries. Compound VIa was the second best antifungal agent of the VI 


Aspergillus 
niger 


Chaetomium 
globosum 


Cladosporium Fusarium Myrothecium 
carpophilum rnoniliforme verrucaria 


(ATCC 12845) (ATCC 6205) (ATCC 12117) (ATCC.10052) (ATCC 9095) 
Compound lb 10 100 1 10 100 1 10 100 1 10 100 1 10 100 


+ 2+ 2+ 
2+ 2+ 2+ + 2+ 2+ 2+ 2+ 2+ 
- + + + +  + + + + + + + + + + + 2+ 2+ - +  + + + 2+ 


VIa + 2+ 2+ + + + 2+ 2+ 2+ + +  + 
VIb 2+ 2+ 2+ 2+ 2+ 2+ + + + + + + + + VIc 
VId 
Vle  


- - - - - - - - - - - 
- - 


Penicilliurn Rhizopus Saccharorn.yces Trichoderma Trichophyton 
notatum st olonifer cerevisiae viride mentagiophytes 


(ATCC 9179) (ATCC 10404) (ATCC 9896) (ATCC 8678) (ATCC 9129) 
Compound 1 10 100 1 10 100 1 10 100 1 10 100 1 10 100 


VIa + 2+ 2+ + +  + + + + + + + 2+ 2+ 
2+ + 2+ 2+ 


- + + + + +  + VIb 
VIC + +  2+ - +  + 


- - + +  + 
- + + + + +  + VId - +  + 


VIe - +  2+ + +  + 


- 
+ 2+ 2+ + 2+ 2+ 2+ 2+ 2+ 2+ 2+ - - 


- - - - - - - 
- - 


A - indicates no inhibition of growth, + indicates partial inhibition of growth, and 2+ indicates complete inhibition of growth. Indicates concentration of compounds 
employed in micrograms per milliliter. 
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compounds, partially inhibiting the growth of all of the test fungi, except 
Saccharomyces cereuisiae, a t  1 pg/ml and completely inhibiting the 
growth of five of the ten test fungi at 10 pg/ml. Compound VIe was a 
generally better antifungal agent than compound VIc. Compound VIe 
completely inhibited the growth of Cladosporium carpophilum a t  10 
pg/ml and Penicillium notaturn at 100 Fg/ml. Compound Vc,  on the other 
hand, inhibited completely the growth of only one fungus (Penicillium 
notaturn) a t  100 pg/ml. Compounds VIe and VIc were inactive toward 
Saccharomyces cereuisiae a t  all concentrations. The poorest antifungal 
agent of the VI compound series was VId,  which was completely inactive 
toward six of the ten test fungi a t  all concentrations. The inactivity of VId 
may be due to the bulky neophyl groups attached to the tin atom in this 
compound. 


The antibacterial activity of the VI compounds is shown in Table IV. 
Compounds VIa and VIb both completely inhibited the Gram-positive 
bacteria Bacillus megaterium and Staphylococcus aureus a t  the mini- 
mum concentration of organotin compound (1 pg/ml). The activity of 
compounds VIa and VIb towards S. aureus was identical to that previ- 
ously observed for the 11, IV, and V compounds. The one previously tested 
I11 compound, on the other hand, could only completely inhibit this 
bacterium at 100 pglml. Compound VIe was the least active of the VI 
compounds toward the two Gram-positive bacteria. Compound VIe was 
the least active of the 11-VI compounds toward S. aureus. Compounds 
VIb and VIe were the only series VI compounds to show activity toward 
the Gram-negative bacteria Pseudomonas aerusginosa and Escherichia 
col i .  Compounds VIb and VIe both completely inhibited E.  coli a t  100 
pg/ml. The one previously tested 111 compound was inactive toward this 
bacterium a t  100 pg/ml. The 11, IV, and V compounds only inhibited 
growth of this bacterium partially a t  100 pg/ml. Compound VIe was able 
to completely inhibit P. aeruginosa a t  100 pg/ml, while compound VIb 
could only partially inhibit this bacterium a t  100 pg/ml. 


EXPERIMENTAL’ 


Triphenyltin 5-Nitro-2-furoate ( V h - A  mixture of bis(triphen- 
yltin) oxide (11.38 g, 0.01589 mole), 5-nitro-2-furoic acid (5.00 g, 0.0318 
mole), and benzene (100 ml) was refluxed for 19 hr. The mixture was 
filtered, and the benzene was evaporated from the filtrate to give 14.41 
g (90%) of VIa, mp 111-132”. Four recrystallizations from heptane- 
benzene (7:5) gave the analytical sample, mp 111.8-112.5”. 


Tri-n-butylt in 5-Nitro-2-furoate (VI b)-A mixture of bis(tri-n- 
butyltin) oxide (10.43 g, 0.01750 mole), 5-nitro-2-furoic acid (5.50 g, 0.0350 
mole), and benzene (100 ml) was refluxed for 19 hr. The mixture was 
filtered, and t.he benzene was evaporated from the filtrate to give 15.18 
g (97%) of VIb, mp 62.0-67.0”. Four recrystallizations from heptane gave 
the analytical sample, mp 6849.7”. 


Tricyclohexyltin 5-Nitro-2-furoate (VIc)-A mixture of bis(tri- 
cyclohexyltin) oxide (26) (11.96 g, 0.1590 mole), 5-nitro-2-furoic acid (5.00 
g, 0.0318 mole), and benzene (100 ml) was refluxed for 16 hr. The mixture 
was filtered, and the benzene was evaporated from the filtrate to give 
16.09 g (97%) of VIc, mp 147-155.5’. Four recrystallizations from heptane 
gave the analytical sample, mp 154.8-156’. 


Trineophyltin 5-Nitro-2-furoate (V1d)-A mixture of bis(trine0- 
phyltin) oxide (27) (2.63 g, 0.00250 mole), 5-nitro-2-furoic acid (0.78 g, 
0.0050 mole), and benzene (25 ml) was refluxed for 26.5 hr. The mixture 
was.filtered, and the benzene was evaporated from the filtrate to give 3.14 


Melting points were determined with a Mel-Temp capillary melting point ap- 
paratus and are uncorrected. IR data were obtained with a Perkin-Elmer model 
283 spectrophotometer. The far IR data were obtained with a Perkin-Elmer model 
FIS-3 spectrophotometer. The benzene used as a solvent in the synthesis of the 
organotin esters was dried over sodium ribbon. The water produced in the reactions 
was removed with the aid of a Dean-Stark trap. Elemental analyses were performed 
by Schwarzkopf Microanalytical Laboratory, Woodside, N.Y. 


Table IV-Antibacterial Activity of Triorganotin 5-Nitro-2- 
furoates 


Staphylococc- 
Pseudomonas Escherichia Bacillus us 


Com- aeruginosaa coli megaterium aureus 
pound l b  10 100 1 10 100 1 10 100 1 10 100 


- 2+ 2+ 2+ 2+ 2+ 2+ VIa - -  - - -  
VIb - - t - -  2+ 2+ 2+ 2+ 2+ 2+ 2+ 
V I c - -  - - -  - + 2+ 2+ + 2+ 2+ + 2+ 2+ - 2+ 2+ 
VIe - - 2+ - - 2 + + +  + - -  + 
V I d - -  - - -  - 


0 Bacteria were obtained from the culture collection of the Department of Bio- 
logical Sciences, St. John’s University. * Indicates concentration of compounds 
employed in micrograms per milliliter; - indicates no inhibition of growth, + in- 
dicates partial inhibition of growth, and 2+ indicates complete inhibition of 
growth. 


g (93%) of VId,  mp 74-78’. Three recrystallizations from heptane gave 
the analytical sample, mp 79.3-80’. 


Trimethyltin 5-Nitro-2-furoate (VIe)-A mixture of trimethyltin 
hydroxide (9.20 g, 0.0509 mole), 5-nitro-2-furoic acid (8.00 g, 0.0509 mole), 
and benzene (75 ml) was refluxed for 19 hr. The precipitate was collected 
on a filter paper and dried t o  give 15.30 g (94%) of VIe, mp 188.2-195.5”. 
Three recrystallizations from benzene gave the analytical sample, mp 
190-192”. 


Biological Methods-The compounds were individually dissolved 
in tetrahydrofuran. The preparation of sterile solutions of the compounds, 
the fungi employed, the antifungal testing procedures, and the deter- 
mination of growth inhibition were reported previously (28). 


The compounds were also investigated for antibacterial activity ac- 
cording to the procedure reported earlier (28). 
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Abstract  0 The validity of a radioimmunoassay (RIA) for research on 
the pharmacokinetics of morphine has been questioned because of the 
possible measurement of cross-reactive metabolites. An RIA using an- 
tiserum derived from the 3-0-carboxymethylmorphine hapten was 
compared with a specific GLC assay in the measurement of plasma 
morphine concentrations in humans. The ratio of values for morphine 
concentrations measured using RIA and those measured using GLC was 
determined. The RIA values resulted in a 27% overestimation of this ratio. 
This overestimation did not significantly affect the values for terminal 
elimination half-life, volume of distribution a t  steady state, or total body 
clearance that were derived using results from each assay and model- 
independent pharmacokinetic techniques. 


Keyphrases 0 Morphine-pharmacokinetic determination from ra- 
dioimmunoassay and GLC assay compared o Pharmacokinetics- 
morphine, determination from radioimmunoassay and GLC assay 
compared 0 Radioimmunoassay-morphine, comparison with GLC 
assay, pharmacokinetics 0 GLC-morphine, comparison with radio- 
immunoassay, pharmacokinetics 


The radioimmunoassay (RIA) for morphine, first de- 
scribed by Spector et al. (1,2), has been used to charac- 
terize the pharmacokinetic profile of morphine (3, 4). A 
major concern in using any immunoassay for phar- 
macokinetic research is its accuracy in measuring the true 
drug concentration. For antibody generated in one labo- 
ratory (at morphine concentrations of 20 ng/ml), a t  least 
eight times more morphine-3-glucuronide than morphine 
was required to produce equivalent displacement of the 
labeled dihydromorphine (5). At  40 ng/ml, more than 32 
times more morphine-3-glucuronide was required for an 
equivalent displacement. Similar results were obtained 
when relatively high morphine concentrations (1.8-3.1 
pg/ml) were measured in rats using the RIA and a specific 
fluorometric assay (6). This concentration range markedly 
exceeds that occurring after therapeutic doses in humans. 
Catlin (7) questioned the validity of RIA for pharmacok- 
inetic analysis, demonstrating a variability in the speci- 
ficity of the antibody and interference from morphine 
metabolites that can result in discrepant interpreta- 
tions. 


Because of the limited sensitivity of currently available 
analytical methods for measuring morphine, it previously 
has not been possible to validate the accuracy of RIA for 
morphine in humans because of the low plasma concen- 
trations (1-50 ng/ml) of morphine attained following 
pharmacological doses of morphine (0.15 mg/kg). A new 
specific and sensitive GLC assay was used to reevaluate 
plasma samples of morphine obtained in a previous 


pharmacokinetic study that were originally analyzed by 
RIA. The morphine concentrations measured by the dif- 
ferent assays were then compared. 


EXPERIMENTAL 


Plasma Analysis-Plasma samples that were analyzed in a previous 
study on morphine pharmacokinetics using RIA were reevaluated using 
a specific GLC morphine assay. The analysis was undertaken on five of 
the six subjects who had received 10 mg of intravenous morphine sulfate 
and on four of the five subjects who had received 10 mg of intramuscular 
morphine sulfate. All samples had remained frozen a t  -30” until the time 
of assay. The GLC assays were performed -2 years after the RIA mea- 
surements. There was no evidence of sample deterioration during this 
time. Demographic characteristics of the patient population and the drug 
administration protocol were described earlier (4). 


Morphine concentrations in plasma were quantitated using RIA and 
rabbit antimorphine antiseral as described previously (4). The detection 
limit of this assay was 1 ng/ml, and the pooled coefficient of variation was 
8.3% for a series of two to three identical samples containing known 
concentrations of morphine ranging from 1.0 to 45 ng/ml. Although the 
specificity of the antisera was not assessed, previous reports of antisera 
from the same source described its relative affinity for morphine, mor- 
phine metabolites, and other opiate alkaloids (5). Morphine concentra- 
tions in plasma were also determined using the GLC method described 
by Edlund (8). The detection limit of the assay was 1 ng/ml. The coeffi- 
cient of variation of the assay was 4 and 10% a t  62 and 0.8 ng/ml, re- 
spectively. 


Data Analysis-Three analyses were performed on the data to de- 
termine differences between the two assays and the consequences of these 
differences on the derived pharmacokinetic values for morphine. The 
first analysis used linear regression through the origin (9) to compare the 
morphine concentrations measured with the two assays. Only plasma 
morphine concentrations <60 ng/ml were used, which included 118 of 
138 possible data pairs. The distribution of the 20 data points in the 
70-350-ng/ml concentration range was not sufficiently uniform for ac- 
curate regression analysis. The excluded data points represented the high 
morphine concentrations that occurred immediately after the 2-min rapid 
intravenous infusion. To determine the possible influence of metabolites 
on the RIA a t  low concentrations, linear regression through the origin 
was performed on only those concentrations measured 1 hr after drug 
administration. In both regression analyses, the 95% confidence interval 
of the slope was computed to determine if the slope differed significantly 
from 1. 


In the second data analysis, the relative precision and bias of the RIA, 
as compared with the GLC morphine assay, were determined using ap- 
proaches suggested previously (10). Relative precision measures the 
deviation or prediction error of the morphine concentration determined 
using the RIA compared to the value measured by GLC. This prediction 
error may have a systematic component called relative bias. The relative 
bias is the degree to which the typical RIA prediction is either too high 


’ Obtained from Dr. Sidney Spector, Roche Institute of Molecular Biology, 
Nutley, N.J. 
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Table 11-Spectral Data for Diaryl-4,5,6,7-tetrahydroimidazo- 
[4,5-c]pyridines 


IR Spectrum lH-NMR Spectrum 
Com- (KBr): (deuterodimethylsulfoxide), 
pound urn=, cm-' ppm 


I1 3100-2800 (bd), 2.5 (t, 2H, C-4, CHz), 
1610,750, and 695 2.7 (t, 2H, C-5, CHz), and 


7.16-7.4 (m, l l H ,  Ar, C-2) 
111 3250-2850 (bd). 2.6 (t. 2H. C-4. CH?), 


1610.775. and 745 ' 2.9 (t. 2H. 6-5. C-HO). 
7.2 im, 2H, Arj, 7.6(5H, Ar, 
c-2). 
and8.3 (2H, Ar) 


2.7 (t, 2H, (2-5, CHz), 2.9 
IV 3100-2600 (bd), 2.16 (t, 2H, C-4, CHz), 


1610,750, and 695 
(d. 2H. CH?). 


V 


VI 


3200-2850 (bd), 1620 
and 745 


3200-2800 (bd), 
1620, 1580,790, 
and 755 


3.4 (d,'2H, CH,), 7.2 (m, 10H, 
Ad, 
and 7.6 (S, IH, C-2) 


1H. C-21. and 


3.3 (t, 2H, C-4, CHz), 
3.75 (t, 2H, C-5, CHz), 8.06 (S, 


7Z'(m,3H, Ar) 
2.6 (t, 2H, C-4, CHz), 


3.1 (t, 2H. C-5. CH?), 
6.8 (m, 2H, Ar), 7.8(m, 3H, 
Ar, C-2), and 8.3 (m, 2H, Ar) - 


RESULTS AND DISCUSSIONS 


The condensation of histamine free base (I) and a variety of aromatic 
and heteromatic ketones has given rise to a series of novel 4,5,6,7-te- 
trahydroimidaz0-[4,5-~]pyridines. The proposed structures are supported 
by pertinent spectral data and are consistent with ring closure at  C-5 of 
the imidazole ring with concomitant loss of the characteristic aromatic 
proton a t  6.9 ppm. 


A preliminary gross behavioral evaluation of each of these compounds 
in mice at  three different dose levels (33,54, and 66 mg/kg) has shown 


that the dipyridyl compound (111) exhibits a marked degree of convulsant 
activity. None of the other compounds were found to produce convulsions 
at  the same dose levels. Research is currently in progress to establish the 
possible mode of action of this novel heterocyclic system. 


EXPERIMENTAL' 


All syntheses were carried out by dissolving the appropriate ketone 
in n-butanol and treating the stirred solution with one equivalent of 
histamine-free base in n-butanol. The solutions were refluxed and 
monitored using TLC (cellulose; n-butanol-acetic acid-water, 41:l) until 
no further ketone could be detected. Removal of the solvent under re- 
duced pressure followed by repeated dilutions with methanol and then 
with acetone caused the precipitation of the crude free bases of the con- 
densation products. The resulting free bases were converted to their 
corresponding hydrochlorides which could be recrystallized from eth- 
anol-acetone . 
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Abstract 0 A rapid, sensitive, accurate, and reproducible procedure for 
the simultaneous separation and determination of phenylbutazone and 
three major degradation products is proposed using reversed-phase 
high-pressure liquid chromatography and UV detection. The method 
is -20 times more sensitive than TLC and allows an accurate determi- 
nation of degradation products without decomposition during the anal- 
ysis. 


Keyphrases 0 Phenylbutazone-analysis by high-pressure liquid 
chromatography, decomposition products 0 High-pressure liquid 
chromatography-analysis of phenylbutazone and its decomposition 
products 0 Degradation-phenylbutazone, analysis by high-pressure 
liquid chromatography 


An earlier report (1) outlined the difficulties relative to 
the establishment of an analytical procedure to detect the 
intermediate products of oxidation and hydrolysis of 


phenylbutazone (I). These products are 4-hydroxyphen- 
ylbutazone (111, N-(2-carboxycaproyl)hydrazobenzene 
(111), and N -  (2-carboxy -2-hydroxycaproyl) hydrazoben- 
zene (IV). GLC and TLC are not reliable procedures to 
monitor the stability of I, because artifacts are formed. 
TLC can only be used with special precautions as a quali- 
tative and quantitative test to determine I-IV (1). 


Reversed-phase high-pressure liquid chromatography 
(HPLC) is often used in stability studies because it is se- 
lective and rapid, and it is particularly recommended when 
the compound is easily oxidized and when extraction 
procedures may be degradative. No sample preparation 
is required for aqueous solutions and reversed-phase 
HPLC is especially attractive for injections of I because 
I undergoes decomposition in aqueous medium. Re- 
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Table I-Retention Time Values for Phenylbutazone and 
Degradation Compounds 


Retention Time, Retention Time Retention Time 
Compound sec Relative to I Relative to V 


I 509 1.00 1.58 
1.62 
0.48 
0.27 


~ ~~ 


2.55 
0.75 
0.43 


0.64 1.00 
lidocaine" 562 1.10 1.74 


Evidenced with 1 gAiter of lidocaine solution. 


Table 11-Minimum Amount Detectable and  Sensitivity for I-V 
a t  X 237-267 nm 


Minimum Amount 
Detectable, pg Sensitivity 


ComDound = 237 nm = 267 nm = 237 nm = 267 nm 


I 8.9 x 10-3 6.5 x 10-3 15,225 19,000 
I1 6.5 X 40.0 X 19,951 4200 


I11 2.0 x 10-3 7.8 x 10-3 20,600 6000 
IV 1.8 x 10-3 9.4 x 10-3 19,000 3000 
V 3.7 x 10-3 - 12,770 2043 


Table 111-Recovery Data  from Laboratory Prepared Injections 


Amount Added, Amount Found, Relative Error, 
mg mg % 


Placebo - - 


Placebo 
+I 1000.00 1013.00 


Placebo 
+I 1000.00 1009.48 


+I1 5.00 5.14 
t I I I  5.00 5.03 
t I V  5.00 5.13 


- 


1.30 


0.95 
2.80 
0.60 
2.60 


Placebo 
+I 1000.00 1030.70 3.07 
+I1 20.00 19.02 -4.90 


+I11 20.00 19.99 -0.05 
+IV 20.00 20.08 0.40 


+I 1000.00 999.99 0.00 
+I1 30.00 28.92 -3.60 


+I11 30.00 30.11 0.38 + IV 30.00 29.29 -2.37 


Placebo 


versed-phase HPLC was recently reported (2) to determine 
I and I1 metabolites in biological fluids, but there are no 
literature references relative to the determination of I and 
its main degradation products in uitro. The present study 
reports a rapid, sensitive, and accurate procedure for si- 
multaneously quantitating I-IV, and an application for 
injections with lidocaine is given. 


EXPERIMENTAL 


Material  and  Reagents-A high-pressure liquid chromatograph' 
with a variable-wavelength UV detector2, a 10-pl automatic loop injection 
system, an integrator, and a reversed-phase column3 were used. Com- 
pounds I-IV were used as received4. Tromethamine, citric acid, and di- 
methyl phthalate (V) were analytical reagent grade. Acetonitrile was 
HPLC reagent grade. Injections (1 g of phenylbutazone, and 50 mg of 
lidocaine/5 ml of aqueous solvent) were commercial formulations5. Dis- 
tilled water was filtered through a 0.45-pm filter6. The mobile phase was 


~~ ~ ~ ~ ~. ~ ~~ ~ ~~ 


Spectra-Physics SP 8000. 
Schoeffel model SF 770. 


Courtesy of Geigy Laboratories. Basel, Switzerland. 


Millipore. 


3 5-gm RP 18,25-cm length X 4.6-mm diameter, laboratory-made column. 


5 Geigy Laboratories. Injections did not have the same reference numbers as those 
previously used (1). 


a d .  s. I Oa0' 


0 4 8 12 16 
MINUTES 


Figure I-Chromatogram of a standard solution of I (65.0 pglml), I I  
(52.5 pg/ml), I I I  (58.0 pglml), IV (68.0 pglml), and V (59.6 pg/ml). The  
mobile phase was 0.1 M tromethamine citrate buffer (pH 5.25)-aceto- 
nitrile (60:40); flow was 1.8 mllmin; and pressure was 83 bars. Detector 
sensitivity 0.1 aufs; chart recorder speed was 0.5 cmlmin; and X = 237 
nm. 


0.1 M tromethamine citrate buffer7 (pH 5.25)-acetonitrile (6040); the 
mixture was previously degassed. 


Standard Solutions-A mixed stock standard solution was prepared 
in the mobile phase, using I-IV (1000 pg of each per ml). This solution 
was suitably diluted and an equal volume of internal standard solution 
(100 pg/ml of V in the mobile phase) was added to give a concentration 
of 12.5-125 pg of each compound/ml. 


Test Solutions-Recoveries of I-IV were carried out on laboratory 
prepared injections (analogous to commercial formulations) with and 
without added amounts of 11,111, and IV (0.5,2, and 3.0%, respectively, 
with respect to I). These solutions and the commercial formulations were 
suitably diluted in the mobile phase and internal standard was added to 
match the calibration graph. 


Chromatography-Duplicate injections (10 pl) of each solution were 
injected under the following isocratic conditions: flow rate, 1.8 ml/min; 


Made by dissolving 24.2 g of tromethamine in 70 rnl of water, adjusting the pH 
to 4.7 with citric acid, and diluting to 100 ml with water. The pH 5.25 buffer solution 
was prepared with a 5-ml aliquot diluted to 100 ml. 
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pressure, 83 f 2 bars; chart speed, 0.5 cm/min, detector sensitivity, 
0.04-0.1 aufs; and oven temperature, 20'. The chromatograms were re- 
corded a t  237 nm. 


RESULTS AND DISCUSSION 


The maximum absorbance wavelengths in the mobile phase were 267 
(I) and 237 (11-IV). A weak absorbance of V was observed a t  267 nm; 237 
nm was most suitable for the simultaneous determination of I-V. In in- 
jections, lidocaine did not absorb at  237 and 267 nm a t  the concentration 
used (125 pglml) for the determination of 11-IV. 


A chromatogram of a standard solution is shown in Fig. 1 and Table 
I lists the retention times of each compound. 


Figure 1 and Table I show a good resolution of each compound. The 
resolution obtained was always better than 1 for I-V. 


A calibration graph was plotted of peak area ratio of the solute to the 
internal standard against solute concentration. The calibration graph 
was linear in the concentration range studied and went through the origin, 
using peak areas as well as peak heights. The correlation coefficients of 
the linear regression analysis were always better than 0.999 using peak 
areas as well as peak heights. 


The minimum amount detectable, defined as the amount (in micro- 
grams) that gives a peak height equal to twice the background, and the 
sensitivity, defined as the change in area value (measured a t  the maxi- 
mum detector sensitivity) resulting from a concentration change of one 
unit (milligrams per liter) are given in Table 11. 


The repeatability tested by five replicates and evaluated by the coef- 
ficient of variation was 0.978 (I), 1.064 (II),1.210 (1111, and 1.510% (1V;l. 
The average data of duplicate assays for recovery studies on laboratory 
prepared injections with and without added amounts of 11-IV are given 
in Table 111. 


A comparative separation of I-IV was carried out on a silica column8. 
With hexane-chloroform-methanol-formic acid (400:200:20:1) as a 
mobile phase, retention times were -4 (I), 8 (II), 12 (III), 17 (IV), and 2ii 
min for benzenesulfonamide used as an internal standard. Reversed- 
phase HPLC was faster (14 min) and more convenient than normal 
HPLC. The insignificant amounts of 11-IV (probably present in the 
reference drug) detected by injecting 10 g1 of a concentrated solution of 


8 30 pm Zorhax Sil. :3O-cm length. 


COMMUNICA TlONS 


I (2.5 g/liter) and the accuracy obtained for the determination of trace 
11-IV reveal that reversed-phase HPLC allows the determination of I-IV 
without decomposition during analysis. 


With GLC, artifact peaks were observed when degradation products 
were present, and it is suggested (3) that the breakdown of the degradates 
occurs a t  the injection port maintained a t  230". HPLC is achieved a t  
ambient temperature and prevents this drawback. 


With TLC, a significant oxidation of I on the plate was observed during 
analysis (1). The iron present in the silica coating was responsible (1) for 
the accelerated air oxidation of I. The absence of degradation with the 
HPLC procedure is consistent with this hypothesis. The analysis time 
(13 min), the absence of air exposure, and the presence of citric acid 
(chelating agent for iron) in the mobile phase (used as an eluting agent 
and as a solvent in the preparation of solutions) contribute to prevent 
the degradation of I. 


A commercial injection formulation was analyzed by the proposed 
HPLC procedure. Compound I was 1000.2 mg (100.0% of the labeled 
strength), I11 was 14.92 mg (1.49% with respect to theoretical I content), 
IV was 21.8 mg (2.18% with respect to theoretical I content), and I1 was 
not detected. The results are in agreement with other data (4) that shows 
I1 is so readily hydrolyzed into IV that it cannot be found in alkaline 
solution, and the major products of I degradation in injections are I11 
and IV. 


Reversed-phase HPLC is a sensitive (20 times more than TLC) and 
convenient procedure that can be used to evaluate the purity of phenyl- 
butazone and to monitor its stability in pharmaceutical formulations. 
Because the metabolites of I have been identified as similar to the deg- 
radation products in oitro, the method is suggested to be applicable to 
pharmacokinetic studies. 
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Active Conformation of Polycyclic 
An tidepressan ts 


Keyphrases 0 Antidepressants, polycyclic-active conformation 0 
Conformation, active-of polycyclic antidepressants 


To the Editor: 


A 300-MHz 'H-NMR study of a series of polycyclic 
(tetracyclic and pentacyclic) antidepressant agents of the 
amitriptyline type indicated a preferred conformation in 
solution in which the alkylamino side chain is folded 
toward the polycyclic skeleton and its positively charged 
dimethylammonium ion is oriented above the adjacent 
aromatic ring. 


Amitriptyline (I) and imipramine, prototype tricyclic 
antidepressant drugs, are potent inhibitors of active 
reuptake of biogenic amines in nerve endings. The thera- 


peutic effects of these drugs may be related to this activity' 
(1-5). Reuptake inhibition may lead to an accumulation 
of neurotransmitters, e.g. ,  norepinephrine and serotonin, 
at the receptor site and to a subsequent increase in activity. 
The preferred conformation of the tricyclic antidepressant 
at  the biogenic amine uptake jump may be crucial to their 
antidepressant activity. 


Of particular significance is the conformation of the 
alkylamino side chain uis-6-uis the tricyclic skeleton (6, 
7). X-ray structure determinations (8-13) indicated that 
in the crystalline state the side chain is almost fully ex- 
tended, away from the tricyclic skeleton. However, it was 
suggested (6,14) that the active conformation of the alk- 
ylamino side chain in polycyclic antidepressants is folded 
toward the aromatic ring. We present evidence for the 
amitriptyline-type series in favor of this hypothesis and 


For the state of the art of the mode of action of tricyclic antidepressants, see 
Horn (5). 
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In many cases, the synthesis of a compound is provided in detail, hut 
sometimes the reader is referred to a reference. References are used lib- 
erally throughout the text. The author indicates that  the text does not 
contain all syntheses that, have been developed for stable isotopes con- 
sidered in the hook, and states that the preparations presented represent 
types of reaction methods and techniques that may be applicable to many 
products other than those shown in the text. The efficient synthesis of 
key intermediates has been considered to be particularly important. 


The text is concise, unique, and useful for individuals wishing to syn- 
thesize labeled compounds with stable isotopes and should be beneficial 
to all chemists involved in this area of research. 


Reoieioed by Stanley M. Shaw 
Rionucleonics Department 
Purdue Unioersity 
West Lafayette, IN 47907 


Anionic Polymeric Drugs. Edited by L. G. DONARUMA, R. M. OT- 
TENBRITE, and 0. VOGL. Wiley, 605 Third Ave. New York, NY 
10016.1980.356 pp. 15x23 cm. Price $39.50. 
This work is written as a first volume in a series to be published under 


the heading “Polymers in Biology and Medicine.” The series is aimed 
a t  integrating knowledge in polymer sciences; it deals with endogenous 
polymers on one hand, and synthetic polymers used in biological and 
medical applications on the other. 


The book is written by a number of experts, each contributing in their 
field. The work presents an overview of polymers as drugs, drug carriers, 
drug delivery systems, and as biopolymers in medicine. The structure 
and biological activity of polysaccharides and polycarboxylic acids are 
reviewed, with a discussion of the synthesis, characterization, and che- 
lating properties of polycarboxylic acids. 


An extensive review is provided of the divinyl ether-maleic anhydride 
copolymers (Pyran copolymer) and related structures. The discussion 
ranges from a captivating historical background through an in-depth 
discussion on a range of biological activities as they relate to structure, 
including the effects of polymers on the immune system. Subsequently 
the work expands on antiviral activity, effect on mixed-function oxidases, 
interferon induction, and antitumor activity. 


The monograph represents a thorough and broad review of the 
chemistry, physics, charcterization, pharmacological, and physiological 
effects of polyanions with emphasis on the so-called Pyran polymers 
which have been studied most extensively. The editors have succeeded 
in bridging the gap between polymer science, biology, and medicine by 
providing a balanced mix that brings the reader up to date with the 
frontier of this fundamental research. 


Reuiewed by Felix Theeuwes 
Vice President, Product 
Research and Development 
Alza Corporation 
Palo Alto,  CA  94304 


Foreign Compound Metabolism in Mammals, Vol. 6. A Specialist 
Periodical Report. Senior Reporter D. E. HATHWAY. The Royal 
Society of Chemistry, Burlington House, London, W1V OBN, England, 
1981.390 pp. 13 X 22 cm. Price $138.00. 
This book is the latest in a series of literature reviews on the titled 


subject which are compiled by Dr. Hathway and associates every two 
years. For the most part, the organization of the book follows the format 
introduced in the previous volume. With the exception of the first chapter 
on pharmacokinetics, the emphasis is on papers published during 1978 
and 1979 pertaining to the biotransformation of xenobiotics. Although 
most of the book is devoted to drugs, there are chapters on “Industrial 
Chemicals and Miscellaneous Organic Compounds,” “Agricultural 
Chemicals,” and “Food Additives.” 


This series represents the closest thing available to a systematic, pe- 
riodic review of both the conceptual and compound-oriented aspects of 
the drug metabolism literature. Although the reviewed literature is 2-3 


years old, a search of the Sciencp Citation Index for the cited references 
can bring anyone up to date in the areas of  drug metabolism covered in 
a relatively short time. The material presented appears adequately in- 
dexed to allow this volume to he used for reference purposes. In cont,rast 
to the previous volume, an author index has been omitted. This is not a 
serious loss because most workers are more interested in following a 
particular subject or compound rather than an author (other than 
themselves). The t,able of contents is as sufficiently detailed as a subject 
index whereas the “Index of Compounds and Metabolites” a t  the back 
of the book lists specific compounds discussed. 


Despite a few lapses found, e.g., misspelling my name, eliminating three 
coauthors (reference 43 on p. 205) and misplacing reference 60 on p. 207, 
the authors appear to have succeeded in producing a valuable (and ex- 
pensive) contribution to the practice of drug metaholism. 


Reoierued by Morton A. Schwartz 
Department of Riochrmktry 


and Drug Metabolism 
Hoffmann-La Roche Inc. 
Nut ley ,  N J  07110 


Steroid Analysis by HPLC: Recent Applications (Chromatographic 
Science Series, Volume 16). Edited by MARIE P. KAUTSKY, Dekker, 
Inc., 270 Madison Avenue, New York, New York 10016,1981.397 pages 
bound and illustrated. 15 X 23 cm. $45 (Price is 15% higher outside the 
U S .  and Canada). 
This book is divided into 11 major sections on: Bile acids, cardiac gly- 


cosides and related steroids, progestins, synthetic adrenocorticosteroids 
in pharmaceutical preparations and biological fluids, estrogens, D vita- 
mins, determination of sterol intermediates in cholesterol biosynthesis, 
steroid hormones in adrenal and testicular cells, enzymatic steroid ep- 
imers, and analysis of natural and synthetic hormones in foods and 
feeds. 


This volume is a collection of reviews by practicing chromatographers 
who describe their own work in detail and review in less detail work done 
by numerous others. Some 1980 references are cited but most are from 
1979 or before. Recent reviews are included in the 654 references cited 
in the eleven sections. However, the editor states that the volume makes 
no attempt to include all of the recent applications of HPLC to steroid 
analysis. 


The book is written for practicing analytical chemists, presenting 
laboratory tested approaches to problems in steroid separation and 
quantitation. Sufficient details are included to enable the analyst to 
quickly set up a system that would give satisfactory chromatography for 
routine analyses. This book would be a good source for information for 
any chromatographer who may be faced with an analysis in the steroid 
field for the first time. It could also he used for the purpose of reviewing 
any topic in the subject areas for developing new ideas, and for identifying 
key references. However, anyone using this book for the latter purpose 
should also supplement the information by surveying the current liter- 
ature, since the publication rate of recent advances in the steroid area 
has been growing rapidly. 


Reviewed by Robert E. Graham 
Food and Drug Administration 
Dallas District 
Dallas, T X  75204 


Food Chemicals Codex, Third Edition. Prepared by the Committee 
on Codex Specifications, Food and Nutrition Board, Division of Bio- 
logical Sciences. Assembly of Life Sciences, National Research Council, 
National Academy of Sciences, 2101 Constitution Ave., N.W., Wash- 
ington, D.C. 20418. 1981.735 pp. Price $45.00. 
The Food Chemicals Codex is the definitive source of information on 


food additives and processing aids. This new edition has been extensively 
revised and updated since the second edition, published in 1972. Over 
800 food ingredients and processing materials are included in 776 
monographs, 113 of which are new. A series of 400 IR spectra for many 
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Morphine Pharmacokinetics: GLC Assay uersus Radioimmunoassay 


DONALD R. STANSKI *x, LENNART PAALZOW $, and PER OLOF EDLUND $ 
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Abstract  0 The validity of a radioimmunoassay (RIA) for research on 
the pharmacokinetics of morphine has been questioned because of the 
possible measurement of cross-reactive metabolites. An RIA using an- 
tiserum derived from the 3-0-carboxymethylmorphine hapten was 
compared with a specific GLC assay in the measurement of plasma 
morphine concentrations in humans. The ratio of values for morphine 
concentrations measured using RIA and those measured using GLC was 
determined. The RIA values resulted in a 27% overestimation of this ratio. 
This overestimation did not significantly affect the values for terminal 
elimination half-life, volume of distribution a t  steady state, or total body 
clearance that were derived using results from each assay and model- 
independent pharmacokinetic techniques. 


Keyphrases 0 Morphine-pharmacokinetic determination from ra- 
dioimmunoassay and GLC assay compared o Pharmacokinetics- 
morphine, determination from radioimmunoassay and GLC assay 
compared 0 Radioimmunoassay-morphine, comparison with GLC 
assay, pharmacokinetics 0 GLC-morphine, comparison with radio- 
immunoassay, pharmacokinetics 


The radioimmunoassay (RIA) for morphine, first de- 
scribed by Spector et al. (1,2), has been used to charac- 
terize the pharmacokinetic profile of morphine (3, 4). A 
major concern in using any immunoassay for phar- 
macokinetic research is its accuracy in measuring the true 
drug concentration. For antibody generated in one labo- 
ratory (at morphine concentrations of 20 ng/ml), a t  least 
eight times more morphine-3-glucuronide than morphine 
was required to produce equivalent displacement of the 
labeled dihydromorphine (5). At  40 ng/ml, more than 32 
times more morphine-3-glucuronide was required for an 
equivalent displacement. Similar results were obtained 
when relatively high morphine concentrations (1.8-3.1 
pg/ml) were measured in rats using the RIA and a specific 
fluorometric assay (6). This concentration range markedly 
exceeds that occurring after therapeutic doses in humans. 
Catlin (7) questioned the validity of RIA for pharmacok- 
inetic analysis, demonstrating a variability in the speci- 
ficity of the antibody and interference from morphine 
metabolites that can result in discrepant interpreta- 
tions. 


Because of the limited sensitivity of currently available 
analytical methods for measuring morphine, it previously 
has not been possible to validate the accuracy of RIA for 
morphine in humans because of the low plasma concen- 
trations (1-50 ng/ml) of morphine attained following 
pharmacological doses of morphine (0.15 mg/kg). A new 
specific and sensitive GLC assay was used to reevaluate 
plasma samples of morphine obtained in a previous 


pharmacokinetic study that were originally analyzed by 
RIA. The morphine concentrations measured by the dif- 
ferent assays were then compared. 


EXPERIMENTAL 


Plasma Analysis-Plasma samples that were analyzed in a previous 
study on morphine pharmacokinetics using RIA were reevaluated using 
a specific GLC morphine assay. The analysis was undertaken on five of 
the six subjects who had received 10 mg of intravenous morphine sulfate 
and on four of the five subjects who had received 10 mg of intramuscular 
morphine sulfate. All samples had remained frozen a t  -30” until the time 
of assay. The GLC assays were performed -2 years after the RIA mea- 
surements. There was no evidence of sample deterioration during this 
time. Demographic characteristics of the patient population and the drug 
administration protocol were described earlier (4). 


Morphine concentrations in plasma were quantitated using RIA and 
rabbit antimorphine antiseral as described previously (4). The detection 
limit of this assay was 1 ng/ml, and the pooled coefficient of variation was 
8.3% for a series of two to three identical samples containing known 
concentrations of morphine ranging from 1.0 to 45 ng/ml. Although the 
specificity of the antisera was not assessed, previous reports of antisera 
from the same source described its relative affinity for morphine, mor- 
phine metabolites, and other opiate alkaloids (5). Morphine concentra- 
tions in plasma were also determined using the GLC method described 
by Edlund (8). The detection limit of the assay was 1 ng/ml. The coeffi- 
cient of variation of the assay was 4 and 10% a t  62 and 0.8 ng/ml, re- 
spectively. 


Data Analysis-Three analyses were performed on the data to de- 
termine differences between the two assays and the consequences of these 
differences on the derived pharmacokinetic values for morphine. The 
first analysis used linear regression through the origin (9) to compare the 
morphine concentrations measured with the two assays. Only plasma 
morphine concentrations <60 ng/ml were used, which included 118 of 
138 possible data pairs. The distribution of the 20 data points in the 
70-350-ng/ml concentration range was not sufficiently uniform for ac- 
curate regression analysis. The excluded data points represented the high 
morphine concentrations that occurred immediately after the 2-min rapid 
intravenous infusion. To determine the possible influence of metabolites 
on the RIA a t  low concentrations, linear regression through the origin 
was performed on only those concentrations measured 1 hr after drug 
administration. In both regression analyses, the 95% confidence interval 
of the slope was computed to determine if the slope differed significantly 
from 1. 


In the second data analysis, the relative precision and bias of the RIA, 
as compared with the GLC morphine assay, were determined using ap- 
proaches suggested previously (10). Relative precision measures the 
deviation or prediction error of the morphine concentration determined 
using the RIA compared to the value measured by GLC. This prediction 
error may have a systematic component called relative bias. The relative 
bias is the degree to which the typical RIA prediction is either too high 


’ Obtained from Dr. Sidney Spector, Roche Institute of Molecular Biology, 
Nutley, N.J. 
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Figure 1-Plasma concentration data determined by RIA (a) and GLC 
(0) versus time, for one subject receiving morphine sulfate 10 mg in- 
tramuscularly. Lines represent the terminal elimination phases char- 
acterized by linear regression. 


or too low. A measure of relative precision is the mean squared prediction 
error ( M S E ) :  


I n  
n i s 1  


M S E  = - L: (RIA - GLC)’ (Eq. 1) 


where n is the number of data points. 


( M E ) :  
A measure of relative bias is the sample mean prediction error 


M E  = 5 (RIA - GLC) (Eq. 2) n i l l  


In the following relationship, the MSE is composed of bias ( M E )  and 
random, nonsystematic error: 


1 
n i s i  


MSE = M E z  + - 5 [(RIA - GLC) - ME]’ (Eq. 3) 


in which the last term of the equation is an estimate of the variance of 
the prediction error and thus a measure of the random error. The relative 
precision (MSE) ,  bias (ME), and their 95% confidence interval, along 
with the proportion of the precision that was bias and random error, were 
determined using all the values for morphine plasma concentrations that 
were <60 nglml and all the values for 1 hr after drug administration. 


In the third data apalysis, pharmacokinetic parameters for each in- 
dividual patient were computed. Model-independent approaches were 


Table I-Comparison of Relative Assay Precession a n d  Bias 


All Data Data after 
<60 ng/ml 1 hr 


Relative precession ( M S E ) ,  ng/ml 27.8 20.4 
95% confidence bounds 18.1-37.5 13.6-27.2 
Relative bias ( M E ) ,  ng/ml 1.97 3.21 
95% confidence bounds 1.02-2.92 2.41-4.01 
Components of the MSE 


Relative bias, % 14 50 
Random error. % 86 50 
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Figure 2-Regression through the origin using all the morphine con- 
centrations below 60 nglml as determined by RIA and GLC. The line 
represents linear regression. 


applied to the morphine concentration data derived from the two assays. 
Linear regression of the log plasma concentration versus time data was 
used to determine the apparent terminal elimination half-life. The plasma 
concentration values that occurred 1 hr after drug administration (i .e. ,  
when distribution or absorption was complete) were used. Total body 
clearance was determined by dividing the dose by the area under the 
plasma concentration uersus time curve, determined by the linear trap- 
ezoid rule. Complete bioavailability was assumed for intramuscular ad- 
ministration of morphine on the basis of a previous study (4) that dem- 
onstrated comparable area under the curves from intravenous and in- 
tramuscular administration in the same subject. A model-independent 
estimate of the volume of distribution a t  steady state was determined 
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Figure 3-Regression through the origin of the morphine concentra- 
tions as determined by RIA and GLC. Only the values obtained 1 hr after 
drug administration were used. Linear regression (-) and identity 
[- - - -) are also shown. 


Journal of Pharmaceutical Sciences I 315 
Vol. 71, No. 3. March 7982 







Table 11-Pharmacokinetic Parameters  Derived from RIA a n d  GLC Assays 


Elimination Half-Life, Total Body Clearance, Volume of Distribution 
Age, Weight, Dose, min ml/kg/min a t  Steady-State, literdkg 


Subject yr kg mg RIA GLC Difference RIA GLC Difference RIA GLC Difference 


1 


2 


3 


4 


4 


5 


5 


6 


7 
Mean 
f S D  


25 64 


28 84 


29 80 


28 64 


28 64 


34 75 


34 75 


29 100 


32 76 
29.7 75.7 
3.0 11.6 


10 169 190 
iv 
10 159 159 
iv 
10 198 233 
iv 
10 184 157 
iv 
10 158 153 
im 
10 183 288 
iv 
10 166 234 
im 
10 161 195 
im 
10 158 161 


170 197 
14 47 


-21 


0 


-35 


+27 


+5 


-105 


-68 


-34 


-3 
-26 


41 


11.4 15.8 


14.4 13.8 


14.7 17.4 


17.1 23.9 


12.3 14.7 


12.3 13.2 


11.3 12.1 


12.0 15.0 


11.1 11.5 
13.0 15.2 
2.0 3.7 


-4.4 


+0.6 


-2.7 


-6.7 


-2.4 


-0.9 


-0.8 


-3.0 


-0.4 
-2.3 


2.3 


2.48 3.35 


2.72 2.51 


3.73 4.48 


3.57 3.44 


2.56 2.11 


2.07 4.89 


2.46 3.28 


2.97 2.81 


2.30 2.44 
2.76 3.25 
0.56 0.89 


-0.87 


+0.21 


-0.75 


+0.13 


+0.45 


-2.82 


-0.81 


+0.16 


-0.14 
-0.49 


1.0 


using the first statistical moment described by Benet and Galeazzi (11). 
An appropriate correction for the intramuscular absorption phase was 
made in the calculation of the volume of distribution a t  steady state. A 
paired Student t test was used to determine if there was a significant ( p  
5 0.05) difference in the pharmacokinetic parameters derived from the 
RIA and GLC assays. 


RESULTS AND DISCUSSION 


Examining the individual curves of plasma morphine concentration 
versus time in four of five subjects receiving intravenous morphine, and 
in three of the four receiving intramuscular morphine, the RIA gave 
consistently higher plasma concentrations than the GLC assay for time 
periods 1 hr after drug administration. Figure 1 represents the plasma 
morphine concentrations determined by the two assays in a subject who 
received intramuscular morphine. 


In the first data analysis, when all plasma concentrations <60 ng/ml 
were compared (118 data pairs) using regression through the origin, the 
slope of the regression line was 1.03 and the 95% confidence interval was 
0.993-1.064 (Fig. 2). This indicates that the ratio of RIA/GLC morphine 
concentrations did not differ significantly from 1 when measured with 
the two assays. When only the data after 1 hr were evaluated (66 data 
pairs), the slope of the regression through the origin was 1.27 and the 95% 
confidence interval was 1.23-1.30, indicating that the ratio of RIA/GLC 
plasma concentrations differs significantly from 1 (Fig. 3). This results 
in a 27% overestimation of the true morphine concentration by RIA. 


In the second data analysis (Table I), the measures of RIA uersus GLC 
assay relative precision ( M S E )  and bias (ME) are given. The relative 
biases differ significantly from zero for all plasma morphine concentra- 
tions <60 ng/ml and for plasma morphine concentrations 1 hr after drug 
administration. The plasma concentration data 1 hr after drug admin- 
istration represents a greater portion of the MSE than can be attributed 
to bias relative to all the plasma morphine concentration data <60 ng/ 
ml. 


From the third data analysis, Table I1 shows the individual phar- 
macokinetic parameters derived by model-independent techniques for 
each patient and assay. The GLC assay resulted in a longer mean ap- 
parent elimination half-life, higher mean total plasma clearance, and a 
larger mean apparent volume of distribution a t  steady state. These dif- 
ferences were not statistically significant when evaluated with a paired 
t test. 


Comparison of the morphine concentration determined by RIA and 
GLC demonstrated a 27% overestimation of the true morphine concen- 
tration by RIA at  time intervals 1 hr after drug administrhtion. The RIA 
was significantly less precise than the GLC assay, and had a greater 
systematic bias for morphine concentrations obtained 1 hr after drug 
administration. While the morphine antiserum samples have less affinity 
for morphine metabolites (specifically the main metabolite, morphine- 
3-glucuronide), they can affect the accurate measurement of morphine 
with the RIA in several ways. The standard curves for morphine and 
morphine-3-glucuronide are not parallel, resulting in dose-dependent 
inhibition ratios of morphine to morphine-3-glucuronide (7). In addition, 
there is also evidence that the elimination half-life of morphine-3-glu- 


curonide is longer than that of the parent drug in rabbits (7) and humans 
(3). A previous report (12) showed that morphine metabolites present 
a t  concentrations 8-12 times higher than the true morphine concentration 
1 hr after drug administration. Overestimation of the true morphine 
concentration 1 hr after drug administration probably results from 
cross-reaction of morphine-3-glucuronide with the antiserum samples 
when true morphine concentrations are lower than the metabolite con- 
centrations. 


Overestimation of plasma morphine concentrations by the RIA did 
not affect derived pharmacokinetic values. The elimination half-life 
calculated using the values from the GLC assay did not differ markedly 
from that determined using RIA values. The higher clearance and larger 
volume of distribution of morphine calculated using the results of the 
GLC assay reflect the lower plasma concentrations measured by GLC. 
While statistical differences were not present for the morphine elimi- 
nation half-lives, clearances, and volumes of distribution derived from 
the two assays, the variability (standard deviation) of the mean of dif- 
ferences between individual pharmacokinetic values derived from each 
assay was large and the sample size was small. Both variability and sample 
size contribute to the probability of detecting a difference in the statistical 
analysis. 


The major mechanism by which morphine is removed from the body 
is hepatic metabolism. Morphine’s high hepatic extraction ratio (13,14) 
indicates that clearance is very dependent on hepatic blood flow. The 
difference in mean total morphine clearance between the two assays (12.9 
uersus 15.3 ml/kg/min) was relatively small given the variability in he- 
patic perfusion that can exist in humans. The difference in mean volume 
of distribution between the two assays (2.76 uersus 3.25 l i tedkg)  was 
also small. The differences in derived values for pharmacokinetics be- 
tween the two assays was minimal and does not affect the interpretation 
of the fate of morphine in the human body. 


Overestimation of the morphine concentration by RIA can be mini- 
mized by use of antiserum samples that exhibit minimal cross-reactivity 
with morphine-3-glucuronide (15,16). 


REFERENCES 


(1) S. Spector, J. Pharrnacol. E r p .  Ther., 178,253 (1971). 
(2) S. Spector and C. Parker, Science, 168,1347 (1970). 
(3) B. A. Berkowitz, S. H. Ngai, J. C. Yang, J. Hempstead, and S. 


(4) D. R. Stanski, L. Lowenstein, and D. J. Greenblatt, ibid., 24,52 


(5) B. A. Berkowitz, K. Cerreta, and S. Spector, J .  Pharrnacol. Exp. 


(6) H. Kupferberg, A. Burkhalter, and E. L. Way, ibid., 145, 247 


(7) D. H. Catlin, ibid., 200,224 (1977). 
(8) P. 0. Edlund, J. Chrornatogr., 206,109 (1981). 
(9) J. Neter and W. Wasserman, “Applied Linear Statistical Models,” 


(10) L. B. Sheiner and S. L. Beal, J .  Pharrnacokinet. Biopharrn., 9, 


Spector, Clin. Pharrnacol. Ther., 17,629 (1975). 


(1978). 


Ther., 191,527 (1974). 


(1964). 


R. D. Irwin, Inc., Homewood, Ill., 1974, p. 156. 


503 (1981). 


316 I Journal of Pharmaceutical Sciences 
Vol. 71, No. 3, h4arch 1982 







(11) L. Z. Benet and R. Galeazzi, J.  Pharm. Sci., 68,1071 (1979). 
(12) M. R. Murphy and C. C. Hug, Anesthesiology, 54,187 (1981). 
(13) K. Iwamoto and C. D. Klaassen, J .  Pharmacol. Exp. Ther., 200, 


(14) B. Dahlstrom and L. Paalzow, J .  Pharmacokinet. Biopharm., 6, 


(15) A. R. Gintzler, E. Mohacsi, and S. Spector, Eur. J. Pharmacol., 


(16) J. W. Findlay, R. F. Butz, and R. M. Welch, Res. Commun. Chem. 
Pathol. Pharmacol., 17,595 (1977). 


236 (1977). ACKNOWLEDGMENTS 


505 (1978). 


38,149 (1976). data. 


The authors gratefully acknowledge the assistance of Dr. David J. 
Greenblatt and Dr. Edward Lowenstein in gathering the pharmacokinetic 


Peak Homogeneity Determination for the Validation of 
High-Performance Liquid Chromatographic Assay Methods 


G. T. CARTERX, R. E. SCHIESSWOHL, H. BURKE, and 
R. YANG 
Received April 10,1981, from the Physical and Analytical Chemistry Department, Ciba-Geigy Corporation, Suffern, NY 10901. 
for publication July 27, 1981. 


Accepted 


Abstract To validate high-performance liquid chromatographic assay 
procedures with regard to specificity, methods were developed to de- 
termine the homogeneity of the chromatographic peaks. These methods 
employed a rapid-scanning UV-visible spectrophotometer to monitor 
the chromatographic effluent. The absorption data were processed to 
nullify the signal due to the drug substance specifically, while allowing 
the detection of coincident impurities. Results from three model systems 
indicated the ability of these methods to detect as little as 0.1% of a 
coincident impurity. 


Keyphrases High-performance liquid chromatography-validity, 
determination of peak homogeneity 0 Impurities-high-performance 
liquid chromatography, determination by measurement of peak homo- 
geneity UV spectrometry-use in determination of peak homogeneity 
of high-performance liquid chromatographic assays 


The use of high-performance liquid chromatography 
(HPLC) for quantitative analyses of pharmaceuticals has 
been increasing rapidly (1). HPLC offers excellent sensi- 
tivity, accuracy, and precision, as well as convenience. 
Perhaps the most significant advantage of HPLC is the 
specificity obtained, since the drug substance is assayed 
following separation from any impurities. It is this speci- 
ficity which has led to the acceptance of HPLC methods 
for stability-indicating assays. Naturally, the validity of 
such procedures is dependent on the homogeneity of the 
chromatographic peak of interest. In ordinary practice, a 
procedure is considered sound in this regard if the chro- 
matographic peak representing the drug-substance is re- 
solved from all known or theoretical synthetic impurities 
as well as decomposition products (2). Such indirect 
methods do not actually examine the homogeneity of the 
peak and are limited in scope to compounds previously 
identified as potential impurities. However, homogeneity, 
within specified limits, can be shown for any chromato- 
graphic technique, if it can be demonstrated that a critical 
physical property of the peak in question does not change 
with time. For example, GC peak homogeneity can be 
shown by using rapid-scanning mass spectrometers as 
specific detectors to demonstrate the constancy of the mass 
spectrum of the eluting peak with time (3,4).  


This report presents a similar method which evaluates 
the homogeneity of HPLC peaks directly, by monitoring 
the constancy of the UV-visible (UV/VIS) absorption 


a m  I I 


I 
CH,CH,CH,NHCH, 


I I1 


V VI 


spectrum of the moving eluting substance without the use 
of a stopped-flow apparatus, which examines only a small 
portion of the peak of interest. Specifically, it is the ratio 
between absorbances at  specified wavelengths in the ab- 
sorption spectrum of the eluted peak which is examined. 
Homogeneity is demonstrated by the fact that for suffi- 
ciently dilute solutions of a pure substance, the ratio of 
absorbances should remain constant, regardless of con- 
centration throughout the chromatographic peak. To 
accomplish this, a rapid-scanning, microcomputer con- 
trolled UV/VIS spectrophotometer was employed to ex- 
amine the chromatographic effluent. Several reports have 
appeared (5-9) concerning the use of rapid-scanning 
spectrophotometers as detectors for HPLC. This report 
represents the first application of these detectors for 
HPLC method validation in pharmaceutical analysis. 
Results obtained for three model systems are described; 
each of these systems contains a drug substance: carbam- 
azepine (I), desipramine (11), or estrone (III), plus a rep- 
resentative impurity designed to coelute. 
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pressure, 83 f 2 bars; chart speed, 0.5 cm/min, detector sensitivity, 
0.04-0.1 aufs; and oven temperature, 20'. The chromatograms were re- 
corded a t  237 nm. 


RESULTS AND DISCUSSION 


The maximum absorbance wavelengths in the mobile phase were 267 
(I) and 237 (11-IV). A weak absorbance of V was observed a t  267 nm; 237 
nm was most suitable for the simultaneous determination of I-V. In in- 
jections, lidocaine did not absorb at  237 and 267 nm a t  the concentration 
used (125 pglml) for the determination of 11-IV. 


A chromatogram of a standard solution is shown in Fig. 1 and Table 
I lists the retention times of each compound. 


Figure 1 and Table I show a good resolution of each compound. The 
resolution obtained was always better than 1 for I-V. 


A calibration graph was plotted of peak area ratio of the solute to the 
internal standard against solute concentration. The calibration graph 
was linear in the concentration range studied and went through the origin, 
using peak areas as well as peak heights. The correlation coefficients of 
the linear regression analysis were always better than 0.999 using peak 
areas as well as peak heights. 


The minimum amount detectable, defined as the amount (in micro- 
grams) that gives a peak height equal to twice the background, and the 
sensitivity, defined as the change in area value (measured a t  the maxi- 
mum detector sensitivity) resulting from a concentration change of one 
unit (milligrams per liter) are given in Table 11. 


The repeatability tested by five replicates and evaluated by the coef- 
ficient of variation was 0.978 (I), 1.064 (II),1.210 (1111, and 1.510% (1V;l. 
The average data of duplicate assays for recovery studies on laboratory 
prepared injections with and without added amounts of 11-IV are given 
in Table 111. 


A comparative separation of I-IV was carried out on a silica column8. 
With hexane-chloroform-methanol-formic acid (400:200:20:1) as a 
mobile phase, retention times were -4 (I), 8 (II), 12 (III), 17 (IV), and 2ii 
min for benzenesulfonamide used as an internal standard. Reversed- 
phase HPLC was faster (14 min) and more convenient than normal 
HPLC. The insignificant amounts of 11-IV (probably present in the 
reference drug) detected by injecting 10 g1 of a concentrated solution of 


8 30 pm Zorhax Sil. :3O-cm length. 


COMMUNICA TlONS 


I (2.5 g/liter) and the accuracy obtained for the determination of trace 
11-IV reveal that reversed-phase HPLC allows the determination of I-IV 
without decomposition during analysis. 


With GLC, artifact peaks were observed when degradation products 
were present, and it is suggested (3) that the breakdown of the degradates 
occurs a t  the injection port maintained a t  230". HPLC is achieved a t  
ambient temperature and prevents this drawback. 


With TLC, a significant oxidation of I on the plate was observed during 
analysis (1). The iron present in the silica coating was responsible (1) for 
the accelerated air oxidation of I. The absence of degradation with the 
HPLC procedure is consistent with this hypothesis. The analysis time 
(13 min), the absence of air exposure, and the presence of citric acid 
(chelating agent for iron) in the mobile phase (used as an eluting agent 
and as a solvent in the preparation of solutions) contribute to prevent 
the degradation of I. 


A commercial injection formulation was analyzed by the proposed 
HPLC procedure. Compound I was 1000.2 mg (100.0% of the labeled 
strength), I11 was 14.92 mg (1.49% with respect to theoretical I content), 
IV was 21.8 mg (2.18% with respect to theoretical I content), and I1 was 
not detected. The results are in agreement with other data (4) that shows 
I1 is so readily hydrolyzed into IV that it cannot be found in alkaline 
solution, and the major products of I degradation in injections are I11 
and IV. 


Reversed-phase HPLC is a sensitive (20 times more than TLC) and 
convenient procedure that can be used to evaluate the purity of phenyl- 
butazone and to monitor its stability in pharmaceutical formulations. 
Because the metabolites of I have been identified as similar to the deg- 
radation products in oitro, the method is suggested to be applicable to 
pharmacokinetic studies. 
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Active Conformation of Polycyclic 
An tidepressan ts 


Keyphrases 0 Antidepressants, polycyclic-active conformation 0 
Conformation, active-of polycyclic antidepressants 


To the Editor: 


A 300-MHz 'H-NMR study of a series of polycyclic 
(tetracyclic and pentacyclic) antidepressant agents of the 
amitriptyline type indicated a preferred conformation in 
solution in which the alkylamino side chain is folded 
toward the polycyclic skeleton and its positively charged 
dimethylammonium ion is oriented above the adjacent 
aromatic ring. 


Amitriptyline (I) and imipramine, prototype tricyclic 
antidepressant drugs, are potent inhibitors of active 
reuptake of biogenic amines in nerve endings. The thera- 


peutic effects of these drugs may be related to this activity' 
(1-5). Reuptake inhibition may lead to an accumulation 
of neurotransmitters, e.g. ,  norepinephrine and serotonin, 
at the receptor site and to a subsequent increase in activity. 
The preferred conformation of the tricyclic antidepressant 
at  the biogenic amine uptake jump may be crucial to their 
antidepressant activity. 


Of particular significance is the conformation of the 
alkylamino side chain uis-6-uis the tricyclic skeleton (6, 
7). X-ray structure determinations (8-13) indicated that 
in the crystalline state the side chain is almost fully ex- 
tended, away from the tricyclic skeleton. However, it was 
suggested (6,14) that the active conformation of the alk- 
ylamino side chain in polycyclic antidepressants is folded 
toward the aromatic ring. We present evidence for the 
amitriptyline-type series in favor of this hypothesis and 


For the state of the art of the mode of action of tricyclic antidepressants, see 
Horn (5). 
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Table I-’H-NMR N(CH& Chemical Shifts a of I-VI 
Hydrochlorides in Deuterochloroform (2.4 X lW5 mole/ml) at 
23” and 300 MHz 


Compound 6(Z) 6 ( E )  A6 = 6(E)  - 6(Z) 


I1 2.633 0 
111 2.635 2.693 0.058 
IV 2.610 2.706 0.096 
V 2.657 2.691 0.034 


VI 2.596 2.635 0.039 
I 2.680 0 


0 In parts per million relative to tetramethylsilane. Spectra of isomeric mixtures 
of 111-VI were recorded on a Bruker WH-300 spectrometer, FT mode. 


establish that the alkylammonium terminus of the side 
chain is oriented toward and above the plane of the aro- 
matic ring. 


The following polycyclic antidepressants were synthe- 
sized and evaluated as antidepressants according to their 
ability to inhibit serotonin uptake into human blood 
platelets: 6-(3-dimethylaminopropylidene)-13,14-dihy- 
dro-6H-cyclohepta[ 1,2- b :4,5-b’] dinaphthalene (11), 7- (3- 
dimethylaminopropylidene)-14,15-dihydro-7H- cyclo - 
hepta[l,2-~:4,5-b’]dinaphthalene (111), 5-(3-dimethyl- 
aminopropylidene)-12,13-dihydro- 5H -benzo[4,5]cy- 
clohepta[l,2-b]naphthalene (IV), 7-(3-dimethylamino- 
propylidene) - 12,13-dihydro-7H-benzo[4,5]cyclohepta- 
[ 1,2-a]naphthalene (V), and 7-(3-dimethylamino- 
propylidene) - 7H-benzo[4,5]cyclohepta[l,2 - alnaph- 
thalene (VI). These naphthalene variations of the ami- 
triptyline theme that showed comparable activity to the 


CH&H,N(CHJ, A, H CH$H,N(CHJz 
I I1 


E-I11 z-I11 


C 
H’ \CH~CH,N(CH,), 


c 
H/ \CH,CH,N(CH,), 


E-IV E-V 


parent drug2 offered a favorable opportunity to study 
the conformation of the alkylamino side chain uis-ci-uis the 
aromatic ring in solution. 


The 300-MHz lH-NMR chemical shifts of the dimeth- 
ylamino groups [6N(CH3)2] of I-VI hydrochloride salts in 
deuterochloroform solution are recorded in Table I. Under 
the conditions of a superconducting magnet, small dif- 
ferences of chemical shifts (0.001 ppm) in very dilute SO- 
lutions are detectable and significant. Consider the two 
symmetric systems, I and 11. The long range effect of the 
naphthalene nuclei in I1 (as compared with the benzene 
rings of I) is manifested in the shielding of 0.047 ppm. The 
unsymmetrical structure of 111-VI may exhibit K diast- 
ereoisomerism (geometrical isomerism). The presence in 
each case of the E and 2 isomers is reflected in the lH- 
NMR spectrum, which exhibits two vinylic triplets [e.g., 


0.1441. The expected nonequivalence is probably due to 
an inductive effect and to the proximity of the vinylic 
proton to the corresponding aromatic nucleus. More sig- 
nificantly, in each pair of E ,  2 isomers, the remote di- 
methylamino protons are also magnetically nonequivalent, 
leading to two singlets representing the E and 2 iso- 
mers. 


The barriers for conformational inversion of the 
seven-membered ring in amitriptyline-type drugs are low. 
A dynamic NMR study of I1 revealed a AG $ value of 15.6 
kcal/mole (in deuteroacetonitrile). In the more rigid 5-  
(3-dimethylaminopropylidene)-5H-di benzo[a ,d]cyclo- 
heptene, ACf equals 22.6 kcal/mole (15). Thus, it is un- 
likely that the two N(CH3)2 absorptions in each of com- 
pounds 111-VI are due to two different conformations of 
the same geometrical isomer. The magnetic nonequiva- 
lence of the N-methyl groups cannot be ascribed to an 
inductive effect in view of the number of bonds separating 
the N-methyl protons from the structural perturbation ( E  
versus 2)  in the polycyclic skeleton. The spatial magnetic 
environment of the E-N(CH3)2 and Z-N(CH3)2 protons 
apparently are not identical, thus leading to the observed 
shifts. The E , Z  assignments (Table I) are based on com- 
parison with the symmetrical drugs I and 11. The data in- 
dicate that whenever the alkylamino side chain is 2 to the 
naphthalene nucleus, 6-N(CH3)2 is shielded relative to an 
alkylamino side chain 2 to the benzene nucleus (I1 versus 
I, E-IV versus 2-IV, and E-V versus Z-V). In the linearly 
annelated derivative (2-IV), the long range diamagnetic 
shielding effect of the naphthalene nucleus is more pro- 
nounced than in the angularly annelated derivative Z-V, 
indicating a variation in the proximity of the side chain to 
the naphthalene (also note 2-111 versus E-111). 


The observed diamagnetic effect as revealed in the 
shielding of the N-methyl protons is attributed to a pre- 
ferred conformer of the alkylamino side chain uis-ci-uis the 
polycyclic skeleton. The side chain is folded toward the 
polycyclic system, and the dimethylamino group is ori- 
ented above and not in the plane of the aromatic ring (Fig. 
1). Such geometry permits interaction between the am- 
monium-ion terminus and the aromatic a-electron cloud 
so that the N-methyl groups are exposed to the diamag- 
netic ring current of the aromatic ring. Consistently with 


&(III) 6.028 ( J  = 5.9 Hz), 62(III) 5.884 ( J  = 5.9 Hz), A6 


E-VI VII 
* The synthesis of IILVI (hydrochlorides) and their structure-activity relation- 


ships will be reported elsewhere. 
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Figure 1-Preferred conformation of 2-V. 


this picture, the N-methylpiperidinylidene analogs of 
111-VI [e.g., 7-( l-methyl-4-piperidinylidene)-12,13-di- 
hydro-7H-benzo[4,5]cyclohepta[l,2-a]naphthalene (VII)], 
in which the nitrogen atoms are rigidly immobilized and 
positioned away from the polycyclic skeletons, were found 
to be inactive as inhibitors of serotonin uptake into human 
blood platelets. The rather considerable difference in A6 
values between IV [G(E-IV) - G(2-IV) = 0.096 ppm] and 
1-11 [&(I) - 6(II) = 0.047 ppm] should be noted. This dif- 
ference may be rationalized by considering the conjugation 
effect of the remote aromatic cycle (trans to the side chain) 
on the diamagnetic ring current of the adjacent aromatic 
cycle (cis to the side chain). The delocalization of the 
r-electron cloud into the trans-aromatic cycle (via the 
exocyclic double bond) weakens the diamagnetic effect of 
the cis-aromatic cycle. This diminution is more pro- 
nounced in I1 (trans-naphthalene) than in 2-IV (trans- 
benzene) and in E-IV than in I. In fact, the order of the net 
diamagnetic ring current effect is 2-IV > I1 > I > E-IV, 
with the strongest shielding produced by 2-IV with its 
cis-naphthalene, trans- benzene configuration. 


The higher shielding effect in VI relative to V [6(Z-V) 
- G(2-VI) = 0.061 ppm; G(E-V) - 6(E-VI) = 0.056 ppm] 
may be due to the different geometries of the two polycy- 
clic systems. The CH=CH bridge in VI flattens the ring 
system somewhat, drawing the aromatic surface nearer to 
the alkylamino side chain. However, the difference in AE 
values between V and VI is very small. It may be concluded 
that the impact of the E ,Z parameter on the net diamag- 
netic shielding (due to spatial orientation and conjugation) 
does not vary significantly from V to VI. A potential energy 
map for the antidepressant iprindole (as a free base) shows 
a conformer in which the side chain is folded back toward 
the plane of the tricyclic system (16). Likewise, in the po- 
tent antidepressant N,N-dimethylspiro[5H-diben- 
zo[a,d]cyclohepten-5,1’-cyclohexane]-4’ amine, the cy- 
clohexane ring may adopt a boat conformation in which 
the N-methyl group is oriented above the aromatic ring 
(12, 17). 


In a recent conformational structure-activity relation- 
ship study of compounds related to tricyclic antidepres- 
sants, the projected height of the nitrogen atom over 
the plane of the nearest aromatic ring seemed to be 


the most important structural feature (7). The 
CYH2CBH2CaH2N(CH3)2 side chain of imipramine hy- 
drochloride in a nonaqueous medium (such as deutero- 
chloroform) was shown to exist almost entirely in one fixed 
conformation with a gauche Ca-CP and a trans CB-Cv 
fragment (18). The less flexible amitriptyline-type ring 
system with its rigid exocyclic double bond may be re- 
sponsible for the preferred active conformation in which 
the alkylamino side chain is not only folded toward the 
polycyclic skeleton but its positively charged dimethyl- 
ammonium ion is oriented above the most adjacent aro- 
matic ring. This effect is manifested even in deutero- 
methanol solution, which resembles the aqueous physio- 
logical environment in which the polycyclic antidepressant 
agents function: AS(CD30D) = 6(E-111) - G(2-111) = 0.045 
ppm. Thus, the preferred conformation of the polycyclic 
antidepressants in solution is at variance with the con- 
formation in the crystalline state. 
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In many cases, the synthesis of a compound is provided in detail, hut 
sometimes the reader is referred to a reference. References are used lib- 
erally throughout the text. The author indicates that  the text does not 
contain all syntheses that, have been developed for stable isotopes con- 
sidered in the hook, and states that the preparations presented represent 
types of reaction methods and techniques that may be applicable to many 
products other than those shown in the text. The efficient synthesis of 
key intermediates has been considered to be particularly important. 


The text is concise, unique, and useful for individuals wishing to syn- 
thesize labeled compounds with stable isotopes and should be beneficial 
to all chemists involved in this area of research. 


Reoieioed by Stanley M. Shaw 
Rionucleonics Department 
Purdue Unioersity 
West Lafayette, IN 47907 


Anionic Polymeric Drugs. Edited by L. G. DONARUMA, R. M. OT- 
TENBRITE, and 0. VOGL. Wiley, 605 Third Ave. New York, NY 
10016.1980.356 pp. 15x23 cm. Price $39.50. 
This work is written as a first volume in a series to be published under 


the heading “Polymers in Biology and Medicine.” The series is aimed 
a t  integrating knowledge in polymer sciences; it deals with endogenous 
polymers on one hand, and synthetic polymers used in biological and 
medical applications on the other. 


The book is written by a number of experts, each contributing in their 
field. The work presents an overview of polymers as drugs, drug carriers, 
drug delivery systems, and as biopolymers in medicine. The structure 
and biological activity of polysaccharides and polycarboxylic acids are 
reviewed, with a discussion of the synthesis, characterization, and che- 
lating properties of polycarboxylic acids. 


An extensive review is provided of the divinyl ether-maleic anhydride 
copolymers (Pyran copolymer) and related structures. The discussion 
ranges from a captivating historical background through an in-depth 
discussion on a range of biological activities as they relate to structure, 
including the effects of polymers on the immune system. Subsequently 
the work expands on antiviral activity, effect on mixed-function oxidases, 
interferon induction, and antitumor activity. 


The monograph represents a thorough and broad review of the 
chemistry, physics, charcterization, pharmacological, and physiological 
effects of polyanions with emphasis on the so-called Pyran polymers 
which have been studied most extensively. The editors have succeeded 
in bridging the gap between polymer science, biology, and medicine by 
providing a balanced mix that brings the reader up to date with the 
frontier of this fundamental research. 


Reuiewed by Felix Theeuwes 
Vice President, Product 
Research and Development 
Alza Corporation 
Palo Alto,  CA  94304 


Foreign Compound Metabolism in Mammals, Vol. 6. A Specialist 
Periodical Report. Senior Reporter D. E. HATHWAY. The Royal 
Society of Chemistry, Burlington House, London, W1V OBN, England, 
1981.390 pp. 13 X 22 cm. Price $138.00. 
This book is the latest in a series of literature reviews on the titled 


subject which are compiled by Dr. Hathway and associates every two 
years. For the most part, the organization of the book follows the format 
introduced in the previous volume. With the exception of the first chapter 
on pharmacokinetics, the emphasis is on papers published during 1978 
and 1979 pertaining to the biotransformation of xenobiotics. Although 
most of the book is devoted to drugs, there are chapters on “Industrial 
Chemicals and Miscellaneous Organic Compounds,” “Agricultural 
Chemicals,” and “Food Additives.” 


This series represents the closest thing available to a systematic, pe- 
riodic review of both the conceptual and compound-oriented aspects of 
the drug metabolism literature. Although the reviewed literature is 2-3 


years old, a search of the Sciencp Citation Index for the cited references 
can bring anyone up to date in the areas of  drug metabolism covered in 
a relatively short time. The material presented appears adequately in- 
dexed to allow this volume to he used for reference purposes. In cont,rast 
to the previous volume, an author index has been omitted. This is not a 
serious loss because most workers are more interested in following a 
particular subject or compound rather than an author (other than 
themselves). The t,able of contents is as sufficiently detailed as a subject 
index whereas the “Index of Compounds and Metabolites” a t  the back 
of the book lists specific compounds discussed. 


Despite a few lapses found, e.g., misspelling my name, eliminating three 
coauthors (reference 43 on p. 205) and misplacing reference 60 on p. 207, 
the authors appear to have succeeded in producing a valuable (and ex- 
pensive) contribution to the practice of drug metaholism. 


Reoierued by Morton A. Schwartz 
Department of Riochrmktry 


and Drug Metabolism 
Hoffmann-La Roche Inc. 
Nut ley ,  N J  07110 


Steroid Analysis by HPLC: Recent Applications (Chromatographic 
Science Series, Volume 16). Edited by MARIE P. KAUTSKY, Dekker, 
Inc., 270 Madison Avenue, New York, New York 10016,1981.397 pages 
bound and illustrated. 15 X 23 cm. $45 (Price is 15% higher outside the 
U S .  and Canada). 
This book is divided into 11 major sections on: Bile acids, cardiac gly- 


cosides and related steroids, progestins, synthetic adrenocorticosteroids 
in pharmaceutical preparations and biological fluids, estrogens, D vita- 
mins, determination of sterol intermediates in cholesterol biosynthesis, 
steroid hormones in adrenal and testicular cells, enzymatic steroid ep- 
imers, and analysis of natural and synthetic hormones in foods and 
feeds. 


This volume is a collection of reviews by practicing chromatographers 
who describe their own work in detail and review in less detail work done 
by numerous others. Some 1980 references are cited but most are from 
1979 or before. Recent reviews are included in the 654 references cited 
in the eleven sections. However, the editor states that the volume makes 
no attempt to include all of the recent applications of HPLC to steroid 
analysis. 


The book is written for practicing analytical chemists, presenting 
laboratory tested approaches to problems in steroid separation and 
quantitation. Sufficient details are included to enable the analyst to 
quickly set up a system that would give satisfactory chromatography for 
routine analyses. This book would be a good source for information for 
any chromatographer who may be faced with an analysis in the steroid 
field for the first time. It could also he used for the purpose of reviewing 
any topic in the subject areas for developing new ideas, and for identifying 
key references. However, anyone using this book for the latter purpose 
should also supplement the information by surveying the current liter- 
ature, since the publication rate of recent advances in the steroid area 
has been growing rapidly. 


Reviewed by Robert E. Graham 
Food and Drug Administration 
Dallas District 
Dallas, T X  75204 


Food Chemicals Codex, Third Edition. Prepared by the Committee 
on Codex Specifications, Food and Nutrition Board, Division of Bio- 
logical Sciences. Assembly of Life Sciences, National Research Council, 
National Academy of Sciences, 2101 Constitution Ave., N.W., Wash- 
ington, D.C. 20418. 1981.735 pp. Price $45.00. 
The Food Chemicals Codex is the definitive source of information on 


food additives and processing aids. This new edition has been extensively 
revised and updated since the second edition, published in 1972. Over 
800 food ingredients and processing materials are included in 776 
monographs, 113 of which are new. A series of 400 IR spectra for many 


400 I Journal of Pharmaceutical Sciences 
Vol. 71, No. 4, April 1982 












(11) L. Z. Benet and R. Galeazzi, J.  Pharm. Sci., 68,1071 (1979). 
(12) M. R. Murphy and C. C. Hug, Anesthesiology, 54,187 (1981). 
(13) K. Iwamoto and C. D. Klaassen, J .  Pharmacol. Exp. Ther., 200, 


(14) B. Dahlstrom and L. Paalzow, J .  Pharmacokinet. Biopharm., 6, 


(15) A. R. Gintzler, E. Mohacsi, and S. Spector, Eur. J. Pharmacol., 


(16) J. W. Findlay, R. F. Butz, and R. M. Welch, Res. Commun. Chem. 
Pathol. Pharmacol., 17,595 (1977). 


236 (1977). ACKNOWLEDGMENTS 


505 (1978). 


38,149 (1976). data. 


The authors gratefully acknowledge the assistance of Dr. David J. 
Greenblatt and Dr. Edward Lowenstein in gathering the pharmacokinetic 


Peak Homogeneity Determination for the Validation of 
High-Performance Liquid Chromatographic Assay Methods 


G. T. CARTERX, R. E. SCHIESSWOHL, H. BURKE, and 
R. YANG 
Received April 10,1981, from the Physical and Analytical Chemistry Department, Ciba-Geigy Corporation, Suffern, NY 10901. 
for publication July 27, 1981. 


Accepted 


Abstract To validate high-performance liquid chromatographic assay 
procedures with regard to specificity, methods were developed to de- 
termine the homogeneity of the chromatographic peaks. These methods 
employed a rapid-scanning UV-visible spectrophotometer to monitor 
the chromatographic effluent. The absorption data were processed to 
nullify the signal due to the drug substance specifically, while allowing 
the detection of coincident impurities. Results from three model systems 
indicated the ability of these methods to detect as little as 0.1% of a 
coincident impurity. 


Keyphrases High-performance liquid chromatography-validity, 
determination of peak homogeneity 0 Impurities-high-performance 
liquid chromatography, determination by measurement of peak homo- 
geneity UV spectrometry-use in determination of peak homogeneity 
of high-performance liquid chromatographic assays 


The use of high-performance liquid chromatography 
(HPLC) for quantitative analyses of pharmaceuticals has 
been increasing rapidly (1). HPLC offers excellent sensi- 
tivity, accuracy, and precision, as well as convenience. 
Perhaps the most significant advantage of HPLC is the 
specificity obtained, since the drug substance is assayed 
following separation from any impurities. It is this speci- 
ficity which has led to the acceptance of HPLC methods 
for stability-indicating assays. Naturally, the validity of 
such procedures is dependent on the homogeneity of the 
chromatographic peak of interest. In ordinary practice, a 
procedure is considered sound in this regard if the chro- 
matographic peak representing the drug-substance is re- 
solved from all known or theoretical synthetic impurities 
as well as decomposition products (2). Such indirect 
methods do not actually examine the homogeneity of the 
peak and are limited in scope to compounds previously 
identified as potential impurities. However, homogeneity, 
within specified limits, can be shown for any chromato- 
graphic technique, if it can be demonstrated that a critical 
physical property of the peak in question does not change 
with time. For example, GC peak homogeneity can be 
shown by using rapid-scanning mass spectrometers as 
specific detectors to demonstrate the constancy of the mass 
spectrum of the eluting peak with time (3,4).  


This report presents a similar method which evaluates 
the homogeneity of HPLC peaks directly, by monitoring 
the constancy of the UV-visible (UV/VIS) absorption 


a m  I I 


I 
CH,CH,CH,NHCH, 


I I1 


V VI 


spectrum of the moving eluting substance without the use 
of a stopped-flow apparatus, which examines only a small 
portion of the peak of interest. Specifically, it is the ratio 
between absorbances at  specified wavelengths in the ab- 
sorption spectrum of the eluted peak which is examined. 
Homogeneity is demonstrated by the fact that for suffi- 
ciently dilute solutions of a pure substance, the ratio of 
absorbances should remain constant, regardless of con- 
centration throughout the chromatographic peak. To 
accomplish this, a rapid-scanning, microcomputer con- 
trolled UV/VIS spectrophotometer was employed to ex- 
amine the chromatographic effluent. Several reports have 
appeared (5-9) concerning the use of rapid-scanning 
spectrophotometers as detectors for HPLC. This report 
represents the first application of these detectors for 
HPLC method validation in pharmaceutical analysis. 
Results obtained for three model systems are described; 
each of these systems contains a drug substance: carbam- 
azepine (I), desipramine (11), or estrone (III), plus a rep- 
resentative impurity designed to coelute. 
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Figure 1-A) Chromatogram of carbamazepine containing 1 5% acri- 
done; €3) chromatograms of carbamazepine containing (a) 1 % acridone, 
(b) 0.5% acridone, and (c) 0.1 % acridone; C) baseline chromatogram 
obtained for pure carbamazepine. Approximately 5 pg of carbamazepine 
was injected in 2.5 pl of mobile phase in all cases. 


EXPERIMENTAL 


Materials-Carbamazepine' (I), acridone' (IV), desipramine' (II), 
5-(3-methy1aminopropy1)-5H-dibenz[b,f]azepine1 (V), estrone2 (III), 
and equilenin2 (VI) were used in the model systems. Spectrophotometric 
grade solvents3 were used in all mobile phases. The ion-pairing reagent 
was prepared by dissolving 5.5 g of sodium heptane sulfonate4 in 50 ml 
of distilled water and diluting to 100 ml with glacial acetic acid. All mobile 
phases were passed through membrane filters5 prior to use. 


Apparatus-All analyses were performed using a high-performance 
liquid chromatograph6 equipped with a standard injector, a 3.9 mm X 
30-cm reversed-phase column and a fixed wavelength UV absorption 
detector. The outlet line from the detector was connected via a low 
dead-volume coupling to a quartz micro flow cell7 (volume, 8 pl, light 
path, 1 cm) mounted on the optical bench of the rapid-scanning UV/VIS 
spectrophotometer*. The spectrophotometer's built-in microcomputer 
(16-bit word, 32K words of memory) processed the spectral data in real 
time. Full-range spectra (200-800 nm) were recorded uersus air as the 
blank on the chromatographic effluent, computations were made, and 
the resultant data were plotted9 every second to generate the chro- 
matograms shown. 


Peak Homogeneity-The methods employed to detect inhomo- 
geneities in chromatographic peaks are designed to specifically nullify 
the signal due to the drug substance, while allowing the detection of other 


Ciba-Geigy Corp., Suffern, NY 10901. 
Sigma Chemical Co., St. Louis, MO 63178. 
Fisher Scientific Co.. Fair Lawn. NJ 07410. 
Eastman Organic Chemicals, Rochester, NY 14650. 


Model 6000A solvent delivery system, U6K injector, p-Bondapak CIS column, 


Model 178.32, Hellma Cells, Inc., Jamaica, NY 11424. 
Model 8450A, Hewlett-Packard, Palo Alto, CA 94304. 
Model 7245A, Hewlett-Packard, San Diego, CA 92127. 


5 Millipore Corp., Bedford, MA 01730. 


and Model 440 detector, Waters Associates, Milford, MA 01757. 
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Figure 2-UV absorption spectra of carbamazepine (-) and acridone 
(- - - - -) obtained as 10 pglml solutions in mobile phase. 


compounds. The strict proportionality between absorbances at  two 
wavelengths in the absorption spectrum of the pure drug substance was 
used, as given: 


(Eq. 1) -- '" - kl,2 
A A2 


This equation can also be expressed as the null relationship of Eq. 2: 


Axl - ki,2Axz = 0 (Eq. 2)  
which provides a basis for eliminating the response due to the drug- 
substance. By recording this difference uersus retention time, a chro- 
matogram which is void of any signal resulting from the elution of the 
drug substance is obtained. In the simplest case, two wavelengths of equal 
absorbance (i.e. when k1,z = 1.0) have been chosen from the absorption 
spectrum of the drug substance. 


In some cases it was advantageous to compare the average absorbance 
over two or more wavelengths with the absorbance at another single 
wavelength. The average absorbance over two wavelengths, XI and Xz, 
is related to the absorbance at a third wavelength, X3. The proportional 
relationships between the individual wavelengths obtained from Eq. 1 
are: 


Axl = k i , 3 A ~ ~  (Eq. 3) 


and 


Axz = k 2 . d ~ ~  (Eq. 4) 


Addition of these two equations and diiding by 2 gives an expression 
for the average absorbance at  XI and X2, Ah1,; 


This is more simply written as: 
- 


= k'&, (Eq. 5b) 


where k' = (k1,3 + k2,3)/2. Equation 56 is then rearranged to give a null 
relationship similar to Eq. 2. 


Comparison of average absorbances of two or more sets of wavelengths 
is a useful technique. In the simplest case, the average absorbance at  X I  
and A?, &,,, is related to the average absorbance at A3 and X4, A A ~ , ~  Two 
equations relate Ahl,* to the absorbances at  the individual wavelengths 
As and X4: 


(Eq. 6) 
where k" = (k1,4 + k2,4)/2. Addition of these equations and division by 
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Figure 3-A) Chromatogram of desipramine containing 1 % V; B) 
chromatograms of desipramine containing (a) 1 % V,  (b) 0.5% V,  and 
(c) 0.1 % V; C) baseline chromatogram obtained for pure desipramine. 
Approximately 10 pg of desipramine was injected in 5 pl  of mobile phase 
in all cases. 
2 gives Eq. 7, which expresses XA,,~ as a function of A A ~  and Ah: 


(Eq. 7) 
As seen from Eq. 7, xi,,2 is directly proportional to xi3,, only when k‘ 


- k’Ax, + k”Axl 
AA1.2 = 2 
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Figure 4-UV absorption spectra of desipramine(-) and V (- - - - -) 
obtained as 10 pg/ml solutions in mobile phase. 
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Figure 5-A) Chromatogram of estrone containing 1 % equilenin; B) 
chromatograms of estrone containing (a) 1% equilenin, (b) 0.5% 
equilenin, and (c) 0.1 % equilenin; C) baseline chromatogram obtained 
for pure estrone. Approximately 20 pg of estrone was injected in 10 pl 
mobile phase in all cases. 


Rearrangement of this equation gives the null relationship: 


(Eq. 9) 


when k’ = k”. The implication of the requirement that k’ = k”  in Eq. 9 
is that the absorbances at A3 and Ad must be equal. In practice, this re- 
quirement is not a major limitation due to the broad nature of the UV/ 
VIS absorption spectra of most organic compounds. Thus, a range of 
wavelengths a t  absorption maxima or minima have essentially equal 
absorbances, and on all but the steepest curves adjacent wavelengths 
(within 1-2 nm) have absorbances close enough to be considered equal 
in these comparisons. 


When null relationships are applied to the absorption data obtained 
as the drug substance elutes from the column, inhomogeneities in the 
peak result in positive or negative deviations from the baseline. Homo- 
geneity is indicated by a flat baseline. 


RESULTS AND DISCUSSION 


Carbamazepine-A standard chromatogram (absorbance at 254 nm 
uersus time) of carbamazepine containing 1% (w/w) of acridone (IV), a 
potential impurity, is shown in Fig. 1A. The composition of the mobile 
phase [methanol-water (55:45); flow rate, 1.0 ml/min] was adjusted to 
cause the two materials to overlap at a retention time of 7.4 min, since 
they are readily separable in other mobile phases. Under these conditions, 
no indication of inhomogeneity in the carbamazepine peak was observed. 
To detect the acridone, the response derived from the carbamazepine 
was removed by manipulation of the spectral data. The UV spectrum of 
carbamazepine (Fig. 2) contains two points of equal absorbance at 256 
and 307 nm. To nullify the signal of carbamazepine, the difference in 
absorbance at these two wavelengths is plotted uersus time. The resulting 
chromatogram for pure carbamazepine is shown in Fig. lC,  which reveals 
a flat baseline. Examination of the UV spectrum of acridone (Fig. 2) shows 
a strong absorbance at  256 nm and essentially no absorbance at 307 nm, 
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Figure 6-UV absorption spectra of estrone (-) and equilenin (- - - 
obtained as 4 pg/ml solutions in mobile phase. 


which indicates a positive response should be observed for acridone when 
this absorbance difference is monitored. The 1% solution used to generate 
the chromatogram of Fig. 1A gives chromatogram a in Fig. 1B. Chro- 
matograms b and c of Fig. 1B result from the analyses of carbamazepine 
solutions containing 0.5 and 0.1% acridone, respectively. 


Desipramine-A completely analogous method was used to evaluate 
the homogeneity of the desipramine chromatographic peak in conjunction 
with its potential by-product (10) 5-(3-methylaminopropyl)-5H-di- 
benz[b,f]azepine (V). As shown in Fig. 3A, both materials chromatograph 
with a retention time of 2.5 min under the conditions chosen [mobile 
phase, acetonitrile/water/ion-pairing reagenthriethylamine (5.00:500 
202); flow rate, 2.5 ml/min]. Referring to the UV spectrum of desipramine 
(Fig. 4), approximately equal absorbances were noted at  242 and 268 nm. 
Subtraction of the absorbances at  these two wavelengths effectively 
eliminates the response from desipramine, as shown in the chromatogram 
of Fig. 3C. Samples of desipramine spiked with Vat levels of 1.0,0.5, and. 
0.1% gave the chromatograms shown in Fig. 3B. The positive signal results 
from the greater absorbance exhibited by V at 242 nm as compared with 
268 nm (Fig. 4). 


Estrone-Estrone preparations commonly contain the estrogen 
equilenin (VI) (11). Using a mobile phase of methanol and water (8515) 
and a flow rate of 1.0 ml/min both substances elute a t  3.9 min as shown 
in Fig. 5A. In this case, the relationship of Eq. 9 was applied, as the av- 
erage absorbance from 235 to 236 nm was subtracted from the average 
absorbance between 281 and 288 nm (refer to the UV spectrum in Fig. 
6) to give the baseline shown in Fig. 5C. When the spiked samples (1.0, 
0.5, and 0.1% equilenin) are measured, negative peaks are observed (Fig. 
5B), as equilenin has a greater absorbance in the low wavelength range 
(Fig. 6). 


In each of the three systems, the lack of homogeneity created by the 
addition of low levels of a coeluting substance is apparent. Comparison 
of the chromatograms for the three 1% mixtures shown in Figs. lB, 3B, 
and 5B reveals a range of responses from 4 .02A to 0.08A. These dif- 
ferences in intensity are related to the absorption characteristics of the 
particular impurity, the detection method employed and the amount of 
sample analyzed. The effect of the detection method can be appreciated 
by considering desipramine. Greater sensitivity for V could be obtained 
by using Eq. 10 as the null relationship since 255 nm is the absorption 
maximum of this impurity (Fig. 4): 


where: 
A255 nm - ~ A Z S O  nm = 0 (Eq. 10) 


(Eq. 11) 
A255 nm (desipramine) 
Azm nm (desipramine) 


The results obtained for these model systems illustrate the potential 
of the technique for the rapid determination of the homogeneity of HPLC 
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original sample. 
Although the method outlined is an independent one, which does not 


require prior knowledge of possible interfering substances, care must be 
taken to ensure its generality. The inclusion of just two wavelengths in 
the detection method, as in Eq. 2, ignores absorbances from contaminants 
at  all other wavelengths. A material which has the same ratio of absorb- 
ances at these two wavelengths as the drug-substance (or zero absorbance 
at  each) would not be detected, regardless of the nature of its absorbances 
at  other wavelengths. To  enable the detection of the widest range of in- 
terfering substances, absorption values across the entire spectral region 
of interest should be compared. This can be accomplished by either se- 
quential application of the simple relationship of Eq. 2, varying the 
wavelengths each time, or by using an extended expression which includes 
the absorbances at  several wavelengths. 


The latter approach is illustrated in Fig. 7 for the carbamazepine sys- 
tem. Figure 7A shows the unresolved chromatographic peak due to car- 
bamazepine and acridone (1%). To detect the acridone, the multiwave- 
length expression of Eq. 12 was plotted uersus retention time: 
- - - 
A243 nm - 245 nm + A2fifi nrn - 26s nm - A289 nrn - 290 nm - 


- A301 nrn - 302 nm = 0 (Eq. 12) 


For simplicity, wavelength ranges were chosen whose absorbance values 
will cancel without the use of proportionality constants. As shown in Fig. 
7B, the results are comparable in terms of sensitivity to those given in 
Fig. 1, and the cancellation of the response due to pure carbamazepine 
is equally complete (Fig. 7C). The major benefit of this approach is in the 
generality obtained in one operation. A standard method, which includes 
sufficient wavelengths to be of wide scope, would be the use of absorb- 
ances at  20 nm intervals across a broad spectral region (-200 nm). 


One concern is the degree of homogeneity indicated in these methods 
by a flat baseline. Two limitations imposed by the apparatus described 
under Experimental, are the experimentally determined response 
threshold of f0.001A and the photometric linearity constraint. This latter 
restriction requires maximum absorbance values of -1.0 A for wave- 
lengths used in the null relationship, to preserve optimum photometric 
linearity. Thus, the maximum amount of drug substance analyzed, which 


governs the relative level of impurities found, is determined by this 
photometric limitation and by the chromatographic constraint against 
overloading the column. Given these instrumental restrictions, there are 
three principal factors which affect the response level of a given impurity: 
the intensity of its absorption (molar absorptivity), the degree of simi- 
larity between its absorption spectrum and that of the drug substance, 
and the detection method (null relationship) employed. In the case of 
unknown materials, absorption characteristics are unknown quantities, 
and the detection method cannot be tailored to attain the maximum re- 
sponse. Because of this, the use of multiple expressions containing data 
obtained a t  several wavelengths is recommended. An a priori detection 
limit cannot be stated for all possible impurities. However, these methods 
can ensure >99% homogeneity in most cases. 
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Abstract 0 An aqueous solution of trimedoxime bromide, atropine, and 
benactyzine hydrochloride was formulated to have maximum stability 
as an antidote in organophosphorus poisoning. The stability of the 
mixture in glass and plastic cartridges was determined. Glass cartridges 
were more desirable than plastic; there was less vapor loss, color forma- 
tion, and anomo~ous reaction. Trimedoxime was stable, losing 1.4% of 
its potency after 1 year at  25” and atropine was more stable than trime- 
doxime. Considerable degradation of benactyzine occurred; 20% of its 


potency was lost after 1 year a t  25”. Equations for predicting the shelf 
life of each ingredient at  selected temperatures are presented. 


Keyphrases 0 Benactyzine-in formulation, kinetics and stability in 
glass and plastic 0 Atropine-in formulation, kinetics and stability in 
glass and plastic 0 Trimedoxime-in formulation, kinetics and stability 
in glass and plastic 


The administration of atropine with and without oxime 
is a common therapy for poisoning by organophosphorus 
anticholinesterase pesticides such as parathion1 and ma- 


lathionl, and for other organophosphorus compounds such 
as isopropylmethylphosphonofluoridate (sarin) and pi- 
nacolyl methylphosphonofluoridate (soman). Atropine is 
used to overcome cholineraic stimulation from the anti- 
cholinesterases, and oxirne reactivates and restores the 
activity ofthe enzyme. A recent report claims that the ef- Parathion, O,O-diethyl-O-(4-nitrophenyl)phosphorothioate; malathion, 


O,O-dimethyl-S-(l,Z-dicarbethoxyethyl)phosphorodithioate; trimedoxime bro- 
mide, pyridinium-l,l’-(l,3-propanediyl~bis(4-(hydroxyimino)methyl)-dibromide; 
and benactyzine, N-hydroxy-a-penylbenzeneacetic acid Z-(diethylamino)ethyl fectiveness of a therapy could be enhanced significantly 
ester. by simultaneous administration of the cholinolytic drugs, 
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In many cases, the synthesis of a compound is provided in detail, hut 
sometimes the reader is referred to a reference. References are used lib- 
erally throughout the text. The author indicates that  the text does not 
contain all syntheses that, have been developed for stable isotopes con- 
sidered in the hook, and states that the preparations presented represent 
types of reaction methods and techniques that may be applicable to many 
products other than those shown in the text. The efficient synthesis of 
key intermediates has been considered to be particularly important. 


The text is concise, unique, and useful for individuals wishing to syn- 
thesize labeled compounds with stable isotopes and should be beneficial 
to all chemists involved in this area of research. 


Reoieioed by Stanley M. Shaw 
Rionucleonics Department 
Purdue Unioersity 
West Lafayette, IN 47907 


Anionic Polymeric Drugs. Edited by L. G. DONARUMA, R. M. OT- 
TENBRITE, and 0. VOGL. Wiley, 605 Third Ave. New York, NY 
10016.1980.356 pp. 15x23 cm. Price $39.50. 
This work is written as a first volume in a series to be published under 


the heading “Polymers in Biology and Medicine.” The series is aimed 
a t  integrating knowledge in polymer sciences; it deals with endogenous 
polymers on one hand, and synthetic polymers used in biological and 
medical applications on the other. 


The book is written by a number of experts, each contributing in their 
field. The work presents an overview of polymers as drugs, drug carriers, 
drug delivery systems, and as biopolymers in medicine. The structure 
and biological activity of polysaccharides and polycarboxylic acids are 
reviewed, with a discussion of the synthesis, characterization, and che- 
lating properties of polycarboxylic acids. 


An extensive review is provided of the divinyl ether-maleic anhydride 
copolymers (Pyran copolymer) and related structures. The discussion 
ranges from a captivating historical background through an in-depth 
discussion on a range of biological activities as they relate to structure, 
including the effects of polymers on the immune system. Subsequently 
the work expands on antiviral activity, effect on mixed-function oxidases, 
interferon induction, and antitumor activity. 


The monograph represents a thorough and broad review of the 
chemistry, physics, charcterization, pharmacological, and physiological 
effects of polyanions with emphasis on the so-called Pyran polymers 
which have been studied most extensively. The editors have succeeded 
in bridging the gap between polymer science, biology, and medicine by 
providing a balanced mix that brings the reader up to date with the 
frontier of this fundamental research. 


Reuiewed by Felix Theeuwes 
Vice President, Product 
Research and Development 
Alza Corporation 
Palo Alto,  CA  94304 


Foreign Compound Metabolism in Mammals, Vol. 6. A Specialist 
Periodical Report. Senior Reporter D. E. HATHWAY. The Royal 
Society of Chemistry, Burlington House, London, W1V OBN, England, 
1981.390 pp. 13 X 22 cm. Price $138.00. 
This book is the latest in a series of literature reviews on the titled 


subject which are compiled by Dr. Hathway and associates every two 
years. For the most part, the organization of the book follows the format 
introduced in the previous volume. With the exception of the first chapter 
on pharmacokinetics, the emphasis is on papers published during 1978 
and 1979 pertaining to the biotransformation of xenobiotics. Although 
most of the book is devoted to drugs, there are chapters on “Industrial 
Chemicals and Miscellaneous Organic Compounds,” “Agricultural 
Chemicals,” and “Food Additives.” 


This series represents the closest thing available to a systematic, pe- 
riodic review of both the conceptual and compound-oriented aspects of 
the drug metabolism literature. Although the reviewed literature is 2-3 


years old, a search of the Sciencp Citation Index for the cited references 
can bring anyone up to date in the areas of  drug metabolism covered in 
a relatively short time. The material presented appears adequately in- 
dexed to allow this volume to he used for reference purposes. In cont,rast 
to the previous volume, an author index has been omitted. This is not a 
serious loss because most workers are more interested in following a 
particular subject or compound rather than an author (other than 
themselves). The t,able of contents is as sufficiently detailed as a subject 
index whereas the “Index of Compounds and Metabolites” a t  the back 
of the book lists specific compounds discussed. 


Despite a few lapses found, e.g., misspelling my name, eliminating three 
coauthors (reference 43 on p. 205) and misplacing reference 60 on p. 207, 
the authors appear to have succeeded in producing a valuable (and ex- 
pensive) contribution to the practice of drug metaholism. 


Reoierued by Morton A. Schwartz 
Department of Riochrmktry 


and Drug Metabolism 
Hoffmann-La Roche Inc. 
Nut ley ,  N J  07110 


Steroid Analysis by HPLC: Recent Applications (Chromatographic 
Science Series, Volume 16). Edited by MARIE P. KAUTSKY, Dekker, 
Inc., 270 Madison Avenue, New York, New York 10016,1981.397 pages 
bound and illustrated. 15 X 23 cm. $45 (Price is 15% higher outside the 
U S .  and Canada). 
This book is divided into 11 major sections on: Bile acids, cardiac gly- 


cosides and related steroids, progestins, synthetic adrenocorticosteroids 
in pharmaceutical preparations and biological fluids, estrogens, D vita- 
mins, determination of sterol intermediates in cholesterol biosynthesis, 
steroid hormones in adrenal and testicular cells, enzymatic steroid ep- 
imers, and analysis of natural and synthetic hormones in foods and 
feeds. 


This volume is a collection of reviews by practicing chromatographers 
who describe their own work in detail and review in less detail work done 
by numerous others. Some 1980 references are cited but most are from 
1979 or before. Recent reviews are included in the 654 references cited 
in the eleven sections. However, the editor states that the volume makes 
no attempt to include all of the recent applications of HPLC to steroid 
analysis. 


The book is written for practicing analytical chemists, presenting 
laboratory tested approaches to problems in steroid separation and 
quantitation. Sufficient details are included to enable the analyst to 
quickly set up a system that would give satisfactory chromatography for 
routine analyses. This book would be a good source for information for 
any chromatographer who may be faced with an analysis in the steroid 
field for the first time. It could also he used for the purpose of reviewing 
any topic in the subject areas for developing new ideas, and for identifying 
key references. However, anyone using this book for the latter purpose 
should also supplement the information by surveying the current liter- 
ature, since the publication rate of recent advances in the steroid area 
has been growing rapidly. 


Reviewed by Robert E. Graham 
Food and Drug Administration 
Dallas District 
Dallas, T X  75204 


Food Chemicals Codex, Third Edition. Prepared by the Committee 
on Codex Specifications, Food and Nutrition Board, Division of Bio- 
logical Sciences. Assembly of Life Sciences, National Research Council, 
National Academy of Sciences, 2101 Constitution Ave., N.W., Wash- 
ington, D.C. 20418. 1981.735 pp. Price $45.00. 
The Food Chemicals Codex is the definitive source of information on 


food additives and processing aids. This new edition has been extensively 
revised and updated since the second edition, published in 1972. Over 
800 food ingredients and processing materials are included in 776 
monographs, 113 of which are new. A series of 400 IR spectra for many 
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Potential Errors in Determining 
Freundlich and Langmuir Constants from 
Adsorption Isotherms 


Table 11-Effect of Equilibrium Concentration Units on the 
Freundlich Constant 


Freundlich Constant k ,  
g(adsorbed)/g(adsorbent) 


Adsorbent C, moleshter C, erlliter C, mg % 


Keyphrases 0 Adsorbents-determination of Freundlich and Langmuir 
constants, potential errors 0 Freundlich constants-potential errors in 
determination 0 Langmuir constants-potential errors in determina- 
tion 


Kaolin 5.12 X lo-' 1.65 X 9.45 X 
Magnesium trisilicate 1.78 X 10' 9.67 X lo-' 1.26 X 


Charcoal 1.39 2.04 X lo-' 4.13 X 10W2 
Talc 2.42 x 10-2 2.89 x 10-3 4.94 x 10-4 


To the Editor: 
Numerous pharmaceuticals have been shown to be ad- 


sorbed on various adsorbents such as charcoal and kaolin 
(1-4). Adsorption data are generally presented as Freun- 
dlich constants (Eq. 1) andlor Langmuir constants (Eq. 
2): 


(Eq. 1) 


(Eq. 2) 
m 1 + p C  


where x lm is the amount of drug (grams) adsorbed per 
gram of adsorbent, C is the equilibrium concentration of 
unbound drug, k and n are Freundlich constants, and a 
and p are Langmuir constants. 


Freundlich constants are obtained from the logarithmic 
form of Eq. 1: 


x _ cuc 


log? = log k t n logC (Eq. 3) 


Equation 3 is a straight line equation. When experi- 
mental data are plotted as log xlm uersus log C ,  the slope 
equals n and the intercept yields log k .  The use of log-log 
graph paper is popular in plotting such data. Ganjian et 
al. (5) recently utilized log-log graphs to evaluate Freun- 
dlich constants for cimetidine adsorption on charcoal, talc, 
kaolin, and magnesium trisilicate. The intercept was 
evaluated by directly reading values on the y-axis ( ie . ,  log 
x / m )  where the x-axis shows a value of 1.0. According to 
Eq. 3, this is correct when the value of C equals 1.0 (log C 
= 0). Hence, Eq. 3 reduces to 


log? = log k (Eq. 4) 


and since log-log paper is used, the intercept values read 
are k values. 


Although the x-axis shows the printed value of 1.0 on 
log-log graph paper, any exponent value of concentration 
must be considered. In this plot (Fig. 1, Ref. 5), the value 
of C at the printed value of 1.0 equals 1.0 X M. Gan- 
jian et al. read the intercept value at  the 1.0 X low5 M 
value of C. This is incorrect. To read intercept values 
graphically, the authors need a t  least 6-cycle logarithmic 
graph paper to obtain a value of C = 1.0. The value of an 


Table I-Corrected Freundlich Constants for Adsorption of 
Cimetidine onto Various Adsorbents 


m 


m 


Corrected 
k X lo4, g(adsorbed)/ Valueb, 


Adsorbent na g(adsorbent) k X 10' 


Kaolin 0.621 4.02 5.12 
Magnesium trisilicate 0.943 3.43 
Talc 0.384 2.91 
Charcoal 0.347 256 


~~ 


178 
0.24 


13.91 


intercept could also be obtained by solving Eq. 3 for log k.  
Using values obtained by these authors (Table I, Ref. 5) 
and citing kaolin as an example: 


log (4.02 X = log k + n log (1 X 


= 5.12 X lo-' 


The values so obtained are listed in Table I. The value 
of n remains unaffected. The order of adsorbents according 
to k value and the value of k are dramatically changed. 


The second potential error lies with the usage of proper 
units. Although concentration is generally expressed in 
molar or molal quantities, Freundlich isotherms are gen- 
erally obtained by expressing C values as milligrams per- 
cent or grams percent. Since k is an adsorbent capacity 
when C = 1, the choice of units is particularly important. 
Using a unit molar concentration when the experimental 
range is -1 X M yields an order of adsorbents that 
does not coincide with the experimental results of evalu- 
ation using other techniques, e.g. ,  Langmuir's equation. 


The Freundlich constant k can be readily calculated at  
any unit concentration. If C is converted into another 
concentration, C', using a factor f ,  then Eq. 1 is rewritten 
as: 


(Eq. 5 )  


where k l f n  = k',  a Freundlich constant using another 
unit concentration. For kaolin, the difference between 
Freundlich constants calculated using moles/liter and 
glliter is 252.34°.621 (molecular weight of cimetidine = 
252.34 g). Similarly, other values can be calculated. 


Table I1 shows the effect of units on the Freundlich 
constant k. The order of adsorbents according to adsorp- 
tion capacity ( k )  can be visually observed from Freundlich 
isotherms. The order of adsorbents according to the cor- 
rected value is magnesium trisilicate > charcoal > kaolin 
> talc. If isotherm slopes can be visually imagined ex- 
tending 6 cycles to the right, this order is correct, at  least 
theoretically. However, this order does not reflect its 
proper order within the experimental range. This result 
is best achieved by use of other appropriate units such that 
a unit equilibrium concentration falls reasonably within 
the experimental range. An equilibrium concentration of 
1 mg % (3.962 X M )  falls well within the range of ex- 
perimental data. The order obtained is charcoal > mag- 
nesium trisilicate > kaolin > talc. This order coincides well 
with the experimental data. 


The Langmuir equation (Eq. 2) can be rearranged to 
yield the following linear equation. 


- 
m 


(Eq. 6) 


a Reported values (Table I, Ref. 5). The value k evaluated at  C = 1.0 M The plot of C / ( x / m )  uersus C yields the value of a from 
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the reciprocal of an intercept and p can be evaluated from 
the slope. 


A visual observation of the intercepts of a Langmuir 
isotherm (Fig. 2, Ref. 5 )  shows the order of adsorbents 
according to a to be charcoal > talc > kaolin > magnesium 
trisilicate. The calculated values (Table 11, Ref. 5) show the 
order to be charcoal > kaolin > talc > magnesium trisili- 
cate. The discrepancy arises because the calculated value 
of a for talc is in error1 and should be -71.4 (based on an 
estimated l/a value of 1.4 X from Fig. 2, Ref. 5). The 
corrected values will show that the order coincides well 
with visually observed intercept values. 


It should be noted that, for Langmuir plots, the use of 
units other than molediter for C will not change the order 
of adsorbents according to a values, since a is evaluated 
when C equals zero. However, numerical values of a will 
change. 


It is to be expected that the order of adsorbents would 
be retained regardless of the equation utilized. This would 
be true if the adsorption isotherms did not cross over, i ls  
in this case. The difference in order is due to the fact that 
the Freundlich constant k is evaluated at unit equilibrium 
concentration and the Langmuir constant a is evaluated 
at zero equilibrium concentration. If the isotherms crossed 
over between zero and a unit concentration, the order of 
adsorbents would be different. 
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1 There is also a typographical error in Table 11, Ref. 5. Units of (Y should be given 
(adsorbed) per gram (adsorbent) and not gram (adsorbed) per milligram (adsor- 
bent). 


Potential Errors in Determining 
Freundlich and Langmuir Constants from 
Adsorption Isotherms: A Response 


intercepts on which our values were based were read di- 
rectly from the graph. Actually, both intercepts and slopes 
were calculated using standard linear regression methods. 
We also fail to see why 6-cycle paper would be necessary 
in any case. In addition, we feel that the calculation of the 
parameters based on a single point, as the author has done, 
is inappropriate. The accuracy of the values obtained is 
questionable given the closeness of the logarithmic values 
employed. 


With respect to the use of units, we wish to point out that 
physical chemistry texts (3,4) employ molarity as the unit 
for concentration in determining Freundlich parameters, 
not milligrams percent or grams percent as suggested by 
Hajratwala. Indeed, we are puzzled as to why this should 
make a difference in any case. We agree that utilizing dif- 
ferent units will yield different values for the constants. 
However, one need only state which units are used and this 
should not affect the relative order of constants. 


Finally, we acknowledge the error in Table I1 as pointed 
out by the author. The value for a is indeed 70.4 (the in- 
tercept being 1.42 X and the correct value of p is 15.2 
X lo4 M-l. We regret the miscalculation. There is a ty- 
pographical error in Table I1 as Hajratwala notes; however, 
we feel that this was a misreading. The correct units are 
neither g(adsorbed)/mg(adsorbent) as printed nor g(ad- 
sorbed)/g (adsorbent) as stated by Hajratwala, but g(ad- 
sorbed)/M-g(adsorbent). The capital “M” (for molarity) 
was obviously misread as a lower case “m.” 


(1) F. Ganjian, A. J. Cutie, and T. Jochsberger, J .  Pharm. Sci., 69,352 


(2) B. R. Hajratwala, ibid., 71,125 (1982). 
(3) S. H. Maron and J .  B. Lando, “Fundamentals of Physical Chem- 


istry,’’ Macmillan, New York, N.Y., 1974, p. 762. 
(4) D. P. Shoemaker and C. W. Garland, “Experiments in Physical 


Chemistry,” McGraw-Hill, New York, N.Y., 1967, p. 262. 


(1980). 
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1 -Aryl-3,3-dialkyltriazenes with Antitrypanosomal 
Activity 


~~~ 


Keyphrases 0 Adsorbents-determination of Freundlich and Langmuir 
constants, potential errors, reply Q Freundlich constants-potential 
errors in determination, reply 0 Langmuir constants-potential errors 
in determination, reply 


T o  T h e  Editor: 
In a recent publication (1) we calculated Freundlich and 


Langmuir constants for the adsorption of cimetidine on 
various adsorbents. A number of points in this article have 
been criticized by Hajratwala (2) and we wish to respond 
to some of these criticisms. 


We believe the author has incorrectly assumed that the 


Keyphrases 0 Antitrypanosomal agents-l-aryl-3,3-dialkyltriazenes 
Q Antitumor agents-l-alkyl-3,3-dialkyltriazenes 0 Triazenes, substi- 
tuted-antitrypanosomal and antitumor activity 


T o  the Editor: 
We recently reported the activity of l-(p-tolyl)-3-ace- 


tyl-3-methyltriazene (I), against Trypanosoma rhod- 
esiense in the mouse (1). We now wish to report that a 
number of l-aryl-3-alkyl-3-methyltriazenes (11) have 
shown significant activity against these parasites in the 
mouse model. 


The synthesis and characterization of the l-aryl-3- 
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original sample. 
Although the method outlined is an independent one, which does not 


require prior knowledge of possible interfering substances, care must be 
taken to ensure its generality. The inclusion of just two wavelengths in 
the detection method, as in Eq. 2, ignores absorbances from contaminants 
at  all other wavelengths. A material which has the same ratio of absorb- 
ances at these two wavelengths as the drug-substance (or zero absorbance 
at  each) would not be detected, regardless of the nature of its absorbances 
at  other wavelengths. To  enable the detection of the widest range of in- 
terfering substances, absorption values across the entire spectral region 
of interest should be compared. This can be accomplished by either se- 
quential application of the simple relationship of Eq. 2, varying the 
wavelengths each time, or by using an extended expression which includes 
the absorbances at  several wavelengths. 


The latter approach is illustrated in Fig. 7 for the carbamazepine sys- 
tem. Figure 7A shows the unresolved chromatographic peak due to car- 
bamazepine and acridone (1%). To detect the acridone, the multiwave- 
length expression of Eq. 12 was plotted uersus retention time: 
- - - 
A243 nm - 245 nm + A2fifi nrn - 26s nm - A289 nrn - 290 nm - 


- A301 nrn - 302 nm = 0 (Eq. 12) 


For simplicity, wavelength ranges were chosen whose absorbance values 
will cancel without the use of proportionality constants. As shown in Fig. 
7B, the results are comparable in terms of sensitivity to those given in 
Fig. 1, and the cancellation of the response due to pure carbamazepine 
is equally complete (Fig. 7C). The major benefit of this approach is in the 
generality obtained in one operation. A standard method, which includes 
sufficient wavelengths to be of wide scope, would be the use of absorb- 
ances at  20 nm intervals across a broad spectral region (-200 nm). 


One concern is the degree of homogeneity indicated in these methods 
by a flat baseline. Two limitations imposed by the apparatus described 
under Experimental, are the experimentally determined response 
threshold of f0.001A and the photometric linearity constraint. This latter 
restriction requires maximum absorbance values of -1.0 A for wave- 
lengths used in the null relationship, to preserve optimum photometric 
linearity. Thus, the maximum amount of drug substance analyzed, which 


governs the relative level of impurities found, is determined by this 
photometric limitation and by the chromatographic constraint against 
overloading the column. Given these instrumental restrictions, there are 
three principal factors which affect the response level of a given impurity: 
the intensity of its absorption (molar absorptivity), the degree of simi- 
larity between its absorption spectrum and that of the drug substance, 
and the detection method (null relationship) employed. In the case of 
unknown materials, absorption characteristics are unknown quantities, 
and the detection method cannot be tailored to attain the maximum re- 
sponse. Because of this, the use of multiple expressions containing data 
obtained a t  several wavelengths is recommended. An a priori detection 
limit cannot be stated for all possible impurities. However, these methods 
can ensure >99% homogeneity in most cases. 
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Abstract 0 An aqueous solution of trimedoxime bromide, atropine, and 
benactyzine hydrochloride was formulated to have maximum stability 
as an antidote in organophosphorus poisoning. The stability of the 
mixture in glass and plastic cartridges was determined. Glass cartridges 
were more desirable than plastic; there was less vapor loss, color forma- 
tion, and anomo~ous reaction. Trimedoxime was stable, losing 1.4% of 
its potency after 1 year at  25” and atropine was more stable than trime- 
doxime. Considerable degradation of benactyzine occurred; 20% of its 


potency was lost after 1 year a t  25”. Equations for predicting the shelf 
life of each ingredient at  selected temperatures are presented. 


Keyphrases 0 Benactyzine-in formulation, kinetics and stability in 
glass and plastic 0 Atropine-in formulation, kinetics and stability in 
glass and plastic 0 Trimedoxime-in formulation, kinetics and stability 
in glass and plastic 


The administration of atropine with and without oxime 
is a common therapy for poisoning by organophosphorus 
anticholinesterase pesticides such as parathion1 and ma- 


lathionl, and for other organophosphorus compounds such 
as isopropylmethylphosphonofluoridate (sarin) and pi- 
nacolyl methylphosphonofluoridate (soman). Atropine is 
used to overcome cholineraic stimulation from the anti- 
cholinesterases, and oxirne reactivates and restores the 
activity ofthe enzyme. A recent report claims that the ef- Parathion, O,O-diethyl-O-(4-nitrophenyl)phosphorothioate; malathion, 


O,O-dimethyl-S-(l,Z-dicarbethoxyethyl)phosphorodithioate; trimedoxime bro- 
mide, pyridinium-l,l’-(l,3-propanediyl~bis(4-(hydroxyimino)methyl)-dibromide; 
and benactyzine, N-hydroxy-a-penylbenzeneacetic acid Z-(diethylamino)ethyl fectiveness of a therapy could be enhanced significantly 
ester. by simultaneous administration of the cholinolytic drugs, 
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W U T E S  


Figure 1-Chromatogram of atropine and benactyzine with the internal 
standard, homatropine. 


atropine, and benactyzinel (1). This investigation was 
initiated in answer to the need of the United States De- 
fense Forces for a stable and ready-for-use antidote that 
would be effective against a variety of organophosphorus 
compounds. Studies were conducted with a three-drug 
combination containing trimedoxime bromide', atropine 
sulfate, and benactyzine hydrochloride. The stability of 
aqueous solutions of the multicomponent mixture, in 
prefilled glass or plastic cartridges for a semiautomatic 
injector device, was studied. 


The kinetics of hydrolysis of atropine and trimedoxime 
bromide in dilute aqueous solution in the pH range 0.5- 
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Figure 2-Effect of temperature on net weight loss. Key: A, glass car- 
tridges; X, plastic cartridges. 


13.0 and at  various temperatures were reported previously 
(2-4). Another report (5) studied the stability of ben- 
actyzine in the pH range 2.1-6.3 at  37". A mixture of the 
three drugs (trimedoxime bromide, atropine sulfate, and 
benactyzine hydrochloride) was prepared a t  pH 2.8 to 
maximize the overall stability of the active ingredients of 
the multicomponent formulation. 


EXPERIMENTAL 


Materials-Cartridges were either glass (USP type 1) or polypro- 
pylene resins. Cartridge seals were butyl rubber. 


The ingredients in the cartridge were: trimedoxime bromide, 20 mg/ml; 
atropine sulfate USP, 0.5 mg/ml; benactyzine hydrochloride, 2.05 mg/ml; 
methylparaben USP, 0.5 mg/ml; and propylparaben, 0.05 mg/m12. All 
ingredients are dissolved in USP Water for Injection. Dilute hydrochloric 
acid USP, 4 . 5  mlhiter, was used to adjust the pH to 2.8. Each cartridge 
was filled to 2.0 ml. The open ends of the cylindrical cartridges were 
stoppered with tight-fitting gray butyl rubber plugs. 


Storage-The glass and plastic cartridge assemblies were wrapped 
individually in aluminum foil. They were then placed in a horizontal 
position in constant temperature ovens at  either 80" for 3 weeks, 65' for 
7 weeks, 52" for 3 months; in a water-jacketed incubator a t  40' for 4 
months; or in a refrigerator a t  5' for 4 months. Some assemblies stored 
a t  65' were placed vertically to determine whether the storage position 
had any influence. The physical appearance of the assembly cartridges, 
the net weight of the contents, pH, and the concentrations of benactyzine, 
trimedoxime, and atropine were studied. Samples were removed from 
storage a t  intervals for assessment and analysis. Differences found be- 
tween glass and plastic cartridges were evaluated using a t test to deter- 
mine significance a t  95% confidence limits (6). The data for both types 


Reference standards of trimedoxime bromide and benactyzine hydrochloride 
are available upon request to Contracting Officer, Defense Personnel Support 
Center, Directorate of Medical Material, 2800 South 20th Street, Philadelphia, PA 
19401. 
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Figure 3-Influence of temperature on pH decrease. Key: A, glass 
cartridges; X, plastic cartridges. Values a t  SO" deoiate significantly from 
the Arrhenius plot. 


of cartridges were combined where no statistically significant difference 
was shown. 


Assay-Benactyzine Hydrochloride and Atropine Sulfate-One 
milliliter of each antidote mixture was pipetted into 10-ml glass tubes 
with polytef-lined screw caps. Internal standard3 (1.0 ml), chloroform 
(1.0 ml), and 7% sodium carbonate (1.0 ml) were added successively. The 
tubes were capped immediately, shaken vigorously for 2 min, and the 
layers were allowed to separate. Approximately 2-3 pl of the chloroform 
layer was injected into the chromatograph. 


The gas chromatographic analysis was done on a 1.2 m X 4-mm i.d. 
glass column with a 100/120-mesh Gas Chrom Q with 3% OV-17 column 
support and coating. The column temperature was 200" isothermal, the 
injection port temperature lW", and the detector temperature 220". The 
carrier gas was helium at  a flow rate of 80 ml/min. The detector had an 
80 ml/min hydrogen flow, and a 450 ml/min air flow. A typical chro- 
matogram is shown in Fig. 1. 


Trimedoxime Bromide (I)-Fifty microliters of the cartridge solution 
was added to 14.0 ml of deionized water; 100 pl of this dilution was added 
to 10.0 ml of 0.05 N NaOH and the resulting mixture was scanned be- 
tween 400 and 300 nm. The absorbance at the peak near 346 nm was 
compared to that of a standard solution and the trimedoxime concen- 
tration was determined. In a series of samples, a blank and a standard 
solution were run at  the beginning and end of the series. In larger groups, 
a standard solution was also interspersed between every 8-10 samples. 
The standard solution was 20 mg of trimedoximelml, 0.05% methylpar- 
aben, and 0.005% propylparaben in M HC1. This solution was filtered 
through a 0.22 pm filter and stored at 5". 


RESULTS 
The cartridges stored at 5" were assumed to yield baseline values. Over 


the period of the study there were no changes in the concentrations of 
trimedoxime, atropine, and benactyzine at 5". The solutions from these 
cartridges were clear and faintly yellow, a color characteristic of trime- 
doxime solutions. No statistically significant differences between the glass 
and plastic cartridges were demonstrated at  this temperature for any of 


3 Homotropine hydrobromide USP, 0.5 ng/ml in low3 N hydrochloric acid. 
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Figure 4-Influence of temperature on the degradation rates of ben- 
actyzine. 
the factors studied except net weight. The average weight of the ejected 
contents for the plastic cartridge was 14 mg less than that for the glass 
cartridge a t  5". 


The solutions stored at  elevated temperatures in both the glass and 
the plastic cartridges remained clear throughout the study. Solutions in 
glass cartridges developed a trace of yellow color at 80". Solutions in the 
plastic cartridge developed color much faster. At the end of each storage 
period the solutions were bright yellow at 80°, moderately yellow at 65", 
light yellow at  52", and at  40" contained a trace of yellow. One sample 
at  40' was very dark yellow, and had a pH of 2.5, ( 4 . 2  units lower than 
expected). 


No physical change was observed in glass cartridges throughout the 
study. In several plastic cartridges stored at 80", the pressure generated 
was sufficient to move the rubber plunger toward the open end of the 
cartridge. The plastic cartridges became. stained with a narrow brown 
ring at  the interface of the plunger and the solution. In the cartridges 
where the plunger had moved, the stain was diffused over the path of the 
plunger movement. The stain was apparent in less than 1 week at 80 and 
65", in -1 month at  52O, and in -4 months at 40". 


No significant differences were demonstrated when the cartridges were 
stored in a vertical position (either end up) a t  65" when compared with 
those stored in a horizontal position. 


Reaction velocities of the various stability-related factors are in- 
fluenced by temperature. This is expressed by the Arrhenius equation 
in its integrated form: 


Ink = A -  EIRT (Eq. 1) 


where k is the specific rate constant; E is the energy of activation; R is 
the gas constant (1.987 cal/deg mole); T is the absolute temperature; and 
A is a frequency factor. 


The data were used to determine the best value of k at each tempera- 
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Figure 5-Influence of temperature on the degradation rates of tri- 
medorime. The value for plastic cartridges a t  80" (0) deviates signifi- 
cantly from the Arrhenius plot. 


ture. The best line of In k versus 1/T was fitted by the least-squares 
method and the intercept ( A )  and the slope (-E/R) were determined. 


Weight Loss-Loss of water from the solution in the cartridges, pre- 
sumably occurring through the rubber closures and the walls of the plastic 
cartridge, would be reflected in a change in volume. Since the loss was 
small, measuring the change in weight was considered a more sensitive 
method of determining the loss than measuring the volume differences. 
The rate of weight loss in the glass and plastic cartridges was determined 
a t  each temperature, using the equation: 


w = ~ o - k t  (Eq. 2) 


where wo is the weight jn milligrams a t  the zero intercept, k is the rate 
of weight loss in milligrams per day4; and t is the time in days. 


The effect of temperature on weight loss was significantly different 
between the two types of cartridges. The activation energies for the weight 
loss in the glass and plastic containers were 14.1 f 1.6 ( S E )  and 20.1 3~ 
0.9 ( S E )  kcal, respectively. The Arrhenius plot for the glass and plastic 
cartridges is shown in Fig. 2. 


Change in pH-The pH of the solutions in the cartridges decreased 
with storage time and can be expressed by the equation: 


pH = pHo - k t  (Eq. 3) 


where pHo is the pH a t  time zero; k is in pH units per day; and t is time 
in days. 


The rate of decrease in pH was significantly different between the glass 
and plastic cartridges at  80". At this temperature the rate was lower for 
the glass cartridge than would be predicted from the other three tem- 
perature points, and higher for the plastic cartridge. No significant pH 
differences between glass and plastic cartridges were found at the lower 
temperatures. The best values for k are plotted in Fig. 3 and are expressed 
by the equation: 


~~~ ~ 


4 The unit for k is generally expressed in concentration rather than weight. The 
authors feel that by expressing water loss in weight, rather than concentration, the 
data would be more meaningful. 
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Figure 6-Predicted disappearance of benactyzine hydrochloride a t  
25". The solid line is the predicted thermal degradation rate of ben- 
actyzine in the injector a t  105% fill. The dashed lines encompass the 
95% confidence limits of the predicted rate. 


In k = 16.1455 - 14,30O/RT 0%. 4) 


where the units for k are pH units/day. The standard error for the energy 
of activation is 690 calories. 


Active Ingredients-Eenactyzine Hydrochloride-The degradation 
of benactyzine in the mixture can be described adequately by the first- 
order rate equation: 


In C = In CO - kt (Eq. 5) 
where C is in milligrams per milliliter, CO is concentration a t  zero time, 
and t is time in days. There were no statistically significant differences 
between the glass and plastic cartridges for either CO or k. 


The effect of temperature on the degradation rate is illustrated in Fig. 
4, where the equation is expressed by: 


Ink = 23.7461 - 18,46O/RT (Eq. 6) 


where the unit of k is day-' and the standard error for the activation 
energy is 150 calories. 


Atropine Sulfate-No statistically significant disappearance of at- 
ropine sulfate in either glass or plastic cartridges could be demonstrated 
a t  any temperature during the term of this study. 


Trimedoxime Bromide-The decrease in trimedoxime concentration 
is expressed by the zero-order equation: 


C = Co - kt (Eq. 7) 


where C is in moles per liter, CO is the concentration a t  zero time, k is in 
milligrams per day, and t is time in days. 


A significant difference between the k values for glass and plastic 
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Figure 7-Predicted disappearance of benactyzine hydrochloride a t  
5". The solid line is the predicted thermal degradation rate of ben- 
actyzine in the injector a t  105% fill. The dashed lines encompass the 
95% confidence limits of the predicted rate. 
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Table I-Predicted Shelf Life of Benactyzine in Multicomponent 
Formulation 


Temuerature 90% Shelf Life 75% Shelf Life 


5" 
15' 
25" 
40" 
60" 


4.5 years 12.3 years 
1.4 years 3.9 years 
5.9 months f .3 years 
1.3 months 3.6 months 
0.2 months 0.6 months 


cartridges was found only at 80'. No significant differences were found 
with regard to k or CO at  other temperatures. The data for plastic car- 
tridges at 80" were excluded in calculating the regression equation in Fig. 
5. The line is expressed by 


In k = 18.0100 - 14,900/RT (Eq. 8) 


where k is in moles per liter-day. The standard error for the activation 
energy is 880 calories. 


DISCUSSION 
Glass cartridges were found to be more suitable than plastic as con- 


tainers for trimedoxime, atropine, and benactyzine formulations. Ben- 
actyzine is the least stable of the active ingredients in the antidote for- 
mulation. Results of this study show that benactyzine degrades -20% 
after 1 year at 25" in either plastic or glass. The usefulness of the injector 
could be prolonged by storage at 5", where the predicted decrease in 
benactyzine is 10% after 5 years. Figures 6 and 7 illustrate the enhanced 
shelf life of benactyzine when filled at  105% of label and stored at  25 or 
5". Predicted shelf life at various temperatures is presented in Table 
I. 


The trimedoxime in the injector is very stable; about 1.4% degradation 
would occur after 1 year at 25". Solutions of trimedoxime can exist in 
equilibrium with its hydrolysis products (7,8). The degradation rate of 
trimedoxime in plastic cartridges at  80' was faster then expected. The 
unusual drop in pH at 80" (Fig. 3), greater than expected based on tem- 
perature studies, could shift the equilibrium of trimedoxime and conse- 
quently account for the increased degradation rate in plastic. 


Atropine sulfate in the medication is quite stable. According to kinetic 
studies of atropine in solution at  pH 2.8, its half-life would be about 200 


years a t  25" and about 2 years at 80' (2,3). 
The pH values in glass were homogeneous at all temperatures. There 


was some heterogeneity of pH in the plastic cartridge; i.e., 2 of 23 samples 
stored at 5" had a pH of about 2.95; one sample at  80' had a pH of 3.01, 
0.5 units more than expected. A sample at 40" had a pH of 2.51,0.2 units 
lower than expected. The decrease in pH with storage time was consistent 
with temperatures of 65" and below. At  80°, the decrease in pH was slower 
than expected, suggesting abstraction of hydrogen ion by the rubber in 
the cartridge. In the plastic cartridge, the pH decreased at a considerably 
faster rate than expected; this observation suggests a reaction caused by 
some material in plastic at this temperature. At 25" the drop in pH, 
probably due to the formation of benzilic acid, is predicted to be less than 
0.15 units after 1 year of storage. 


Vapor transmission from the cartridges at ambient temperature is low; 
it is estimated that water loss would be about l%/year for the glass car- 
tridge and about 2%/year for the plastic cartridge at  25". 
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Abstract Various factors influencing the apparent protein binding 
of quinidine were examined. Different binding values in rabbit plasma 
were obtained by equilibrium dialysis techniques employing three 
commonly used buffers. Binding values comparable to those found by 
ultrafiltration were achieved after dialysis against isotonic phosphate 
buffer for - 4 hr. Dialysis beyond 8 hr gave an increased free fraction with 
time. The reported effect of in uitro added heparin on plasma protein 
binding could be prevented by reducing the final concentration in blood 
from 20 to 5 U/ml, a concentration still sufficient to prevent clotting of 


A wide range of protein binding values for quinidine 
have been reported. Mean unbound fractions of 0.10-0.29 
were observed in normal volunteers (1-5), while mean 
values of 0.19-0.42 were found for patients with cirrhosis 
(2, 3). Although interindividual differences in binding 
properties may contribute significantly to the variability 


the blood sample. Daily freezing and thawing of plasma samples over 1 
week did not alter the binding of quinidine. The samples were stable for 
a t  least 2 months at -20". 


Keyphrases 0 Binding, protein-quinidine, factors influencing binding, 
rabbit plasma 0 Quinidine-factors influencing protein binding, rabbit 
plasma 0 Plasma protein binding-quinidine, factors influencing 
binding, rabbits 


in these results, differences in the blood collection method 
and in the binding determination could be important 
contributing factors. Ultrafiltration and equilibrium di- 
alysis have been used previously for quinidine binding 
determinations. In equilibrium dialysis, various investi- 
gators have used different temperatures, equilibrium 
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In many cases, the synthesis of a compound is provided in detail, hut 
sometimes the reader is referred to a reference. References are used lib- 
erally throughout the text. The author indicates that  the text does not 
contain all syntheses that, have been developed for stable isotopes con- 
sidered in the hook, and states that the preparations presented represent 
types of reaction methods and techniques that may be applicable to many 
products other than those shown in the text. The efficient synthesis of 
key intermediates has been considered to be particularly important. 


The text is concise, unique, and useful for individuals wishing to syn- 
thesize labeled compounds with stable isotopes and should be beneficial 
to all chemists involved in this area of research. 


Reoieioed by Stanley M. Shaw 
Rionucleonics Department 
Purdue Unioersity 
West Lafayette, IN 47907 


Anionic Polymeric Drugs. Edited by L. G. DONARUMA, R. M. OT- 
TENBRITE, and 0. VOGL. Wiley, 605 Third Ave. New York, NY 
10016.1980.356 pp. 15x23 cm. Price $39.50. 
This work is written as a first volume in a series to be published under 


the heading “Polymers in Biology and Medicine.” The series is aimed 
a t  integrating knowledge in polymer sciences; it deals with endogenous 
polymers on one hand, and synthetic polymers used in biological and 
medical applications on the other. 


The book is written by a number of experts, each contributing in their 
field. The work presents an overview of polymers as drugs, drug carriers, 
drug delivery systems, and as biopolymers in medicine. The structure 
and biological activity of polysaccharides and polycarboxylic acids are 
reviewed, with a discussion of the synthesis, characterization, and che- 
lating properties of polycarboxylic acids. 


An extensive review is provided of the divinyl ether-maleic anhydride 
copolymers (Pyran copolymer) and related structures. The discussion 
ranges from a captivating historical background through an in-depth 
discussion on a range of biological activities as they relate to structure, 
including the effects of polymers on the immune system. Subsequently 
the work expands on antiviral activity, effect on mixed-function oxidases, 
interferon induction, and antitumor activity. 


The monograph represents a thorough and broad review of the 
chemistry, physics, charcterization, pharmacological, and physiological 
effects of polyanions with emphasis on the so-called Pyran polymers 
which have been studied most extensively. The editors have succeeded 
in bridging the gap between polymer science, biology, and medicine by 
providing a balanced mix that brings the reader up to date with the 
frontier of this fundamental research. 


Reuiewed by Felix Theeuwes 
Vice President, Product 
Research and Development 
Alza Corporation 
Palo Alto,  CA  94304 


Foreign Compound Metabolism in Mammals, Vol. 6. A Specialist 
Periodical Report. Senior Reporter D. E. HATHWAY. The Royal 
Society of Chemistry, Burlington House, London, W1V OBN, England, 
1981.390 pp. 13 X 22 cm. Price $138.00. 
This book is the latest in a series of literature reviews on the titled 


subject which are compiled by Dr. Hathway and associates every two 
years. For the most part, the organization of the book follows the format 
introduced in the previous volume. With the exception of the first chapter 
on pharmacokinetics, the emphasis is on papers published during 1978 
and 1979 pertaining to the biotransformation of xenobiotics. Although 
most of the book is devoted to drugs, there are chapters on “Industrial 
Chemicals and Miscellaneous Organic Compounds,” “Agricultural 
Chemicals,” and “Food Additives.” 


This series represents the closest thing available to a systematic, pe- 
riodic review of both the conceptual and compound-oriented aspects of 
the drug metabolism literature. Although the reviewed literature is 2-3 


years old, a search of the Sciencp Citation Index for the cited references 
can bring anyone up to date in the areas of  drug metabolism covered in 
a relatively short time. The material presented appears adequately in- 
dexed to allow this volume to he used for reference purposes. In cont,rast 
to the previous volume, an author index has been omitted. This is not a 
serious loss because most workers are more interested in following a 
particular subject or compound rather than an author (other than 
themselves). The t,able of contents is as sufficiently detailed as a subject 
index whereas the “Index of Compounds and Metabolites” a t  the back 
of the book lists specific compounds discussed. 


Despite a few lapses found, e.g., misspelling my name, eliminating three 
coauthors (reference 43 on p. 205) and misplacing reference 60 on p. 207, 
the authors appear to have succeeded in producing a valuable (and ex- 
pensive) contribution to the practice of drug metaholism. 


Reoierued by Morton A. Schwartz 
Department of Riochrmktry 


and Drug Metabolism 
Hoffmann-La Roche Inc. 
Nut ley ,  N J  07110 


Steroid Analysis by HPLC: Recent Applications (Chromatographic 
Science Series, Volume 16). Edited by MARIE P. KAUTSKY, Dekker, 
Inc., 270 Madison Avenue, New York, New York 10016,1981.397 pages 
bound and illustrated. 15 X 23 cm. $45 (Price is 15% higher outside the 
U S .  and Canada). 
This book is divided into 11 major sections on: Bile acids, cardiac gly- 


cosides and related steroids, progestins, synthetic adrenocorticosteroids 
in pharmaceutical preparations and biological fluids, estrogens, D vita- 
mins, determination of sterol intermediates in cholesterol biosynthesis, 
steroid hormones in adrenal and testicular cells, enzymatic steroid ep- 
imers, and analysis of natural and synthetic hormones in foods and 
feeds. 


This volume is a collection of reviews by practicing chromatographers 
who describe their own work in detail and review in less detail work done 
by numerous others. Some 1980 references are cited but most are from 
1979 or before. Recent reviews are included in the 654 references cited 
in the eleven sections. However, the editor states that the volume makes 
no attempt to include all of the recent applications of HPLC to steroid 
analysis. 


The book is written for practicing analytical chemists, presenting 
laboratory tested approaches to problems in steroid separation and 
quantitation. Sufficient details are included to enable the analyst to 
quickly set up a system that would give satisfactory chromatography for 
routine analyses. This book would be a good source for information for 
any chromatographer who may be faced with an analysis in the steroid 
field for the first time. It could also he used for the purpose of reviewing 
any topic in the subject areas for developing new ideas, and for identifying 
key references. However, anyone using this book for the latter purpose 
should also supplement the information by surveying the current liter- 
ature, since the publication rate of recent advances in the steroid area 
has been growing rapidly. 


Reviewed by Robert E. Graham 
Food and Drug Administration 
Dallas District 
Dallas, T X  75204 


Food Chemicals Codex, Third Edition. Prepared by the Committee 
on Codex Specifications, Food and Nutrition Board, Division of Bio- 
logical Sciences. Assembly of Life Sciences, National Research Council, 
National Academy of Sciences, 2101 Constitution Ave., N.W., Wash- 
ington, D.C. 20418. 1981.735 pp. Price $45.00. 
The Food Chemicals Codex is the definitive source of information on 


food additives and processing aids. This new edition has been extensively 
revised and updated since the second edition, published in 1972. Over 
800 food ingredients and processing materials are included in 776 
monographs, 113 of which are new. A series of 400 IR spectra for many 
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essential oils and flavoring compounds is also new to this edition. Spec- 
ifications for flavor aromatics and isolates are now given in clear t.abular 
form. 


In the area of policy, the new edition contains a set of guidelines for 
“good manufacturing practice” developed by the Committee on Codex 
Specifications. 


Officially, the Codex is recognized by the Food and Drug Adminis- 
tration which adopted certain Codex specifications in 1971. 


This book is essential to anyone working in the areas of food science 
and technology, quality control, and good research. More than 600 sci- 
entists from a variety of disciplines contributed to this work as well as 
many trade associations and professional societies. 


Purchasers of this edition are entitled to receive three supplements 
to the Codex, included in the purchase price. 


Staff Reuieiu 


Textbook of Biopharmaceutic Analysis. By R. V. SMITH and d. T. 
STEWART. Lea & Fehiger, 600 Washington Square, Philadelphia, 
PA 19106.1981.308 pp. 18 X 25 cm. Price $25.00 (Canada $30.00) 
To better prepare the practitioner for anticipated new roles in the 


delivery of health case, pharmaceutical education has evolved from a 
product oriented emphasis to a clinically oriented one. This change has 
given rise to such courses as biopharmaceutics, clinical pharmacy, and 
clinically oriented clerkships and externships. In addition, it often has 
necessitated the restructuring ofthe traditional basic science courses in 
order to provide a more adequate background for the clinical sciences. 
This textbook treats those aspects of analytical chemistry, analytical 
microbiology and biochemistry, and drug assay that concern the devel- 
opment and application of procedures for the determination of drugs and 
their metabolites i n  the biological fluids. This volume appears to be the 
first attempt to provide such a body of knowledge in textbook form for 
utilization in the pharmacy curriculum. 


This book is divided into three sections: “Defining the Problem,” “The 
Separation Step,” and “The Measurement Step.” This sequence is based 
on the approach that one would presumably follow in developing a 
methodology for the determination of a drug or its metabolites in bio- 
logical fluids. The first sect ion presents relevant background material, 
covers the development of methods for determining t.race levels of me- 
dicaments in biological fluids, and deals with the procurement and 
characterization of reference standards. While three sources of reference 
standards are mentioned, unfortunately, the United States Pharmaco- 
peial Convention has been overlooked. 


The second section reviews the major separation and purification 
techniques including liquid-solid extraction, liquid-liquid extraction, 
partition coefficient, ion-pairing procedures, and the major chromato- 
graphic methods, i .r . ,  TLC, GC, HPLC, gel permeation, and ion-exchange 
chromatography. 


The third section covers techniques for measurement and encompasses 
10 chapters. Separate chapters are devoted to the following topics: sta- 
tistical treatment of data, treatment of chromatographic data, UV-visible 
absorption and emission spectrophotometry, fluorimetry and phospho- 
rimetry, electroanalytical methods, radiochemical methods, immunoassay 
techniques (RIA, EMIT, HI, SLFIA, and spin immunoassay), microbi- 
ological assay methods, enzymatic analysis, and a very brief concluding 
chapter on the method of selecting the appropriate analytical procedure 
for a particular situation. An array of pertinent literature references is 
provided at  the end of each chapter along with a series of learning ob- 
jectives to assist the student in reviewing the chapter content. Additional 
recommended readings are presented for more advanced students. 


This text is written in a lucid manner, is well-organized, and the in- 
formation is presented in a logical format. While the content ofthis book 
may be presented as a separate course offering, the subject matter may 
be more appropriately covered as segments in those courses where the 
basic concepts are taught. or it may possibly be included as a component 
of one of the clinical science courses. This material is important and serves 
well as a bridge between the clinical sciences and the basic pharmaceutical 
sciences. It merits consideration in the pharmaceutical curriculum. 


Reuiewrd by Martin I. Blake 
(lniurrsity of Illinois 
College of Pharmacy 
Chicago, I L  60612 


Pharmacognosy, 8th edition. VARRO E. TYLER, LYNN R. BRADY, 
and JAMES E. ROBBERS. Lea & Febiger, Philadelphia, PA 19106. 
1981.520 pp. 18 X 25 cm. Illustrated with Numerous chemical struc- 
tures, figures and photographs. Price: $31.50 U.S., $37.75 Canada. 
This modern pharmacognosy text is all-inclusive and deals with drugs 


of natural origin that make up close to 50% of all medicinals currently 
employed. It has been the standard textbook of pharmacognosy in the 
U.S. for a number of years, and is the only one which has been periodically 
updated. It provides a systematic and comprehensive review of plant and 
animal drugs in a biochemical classification system. Major chapter titles 
include, general introduction, carbohydrates and related compounds, 
glycosides and tannins, lipids, volatile oils, resins, steroids, alkaloids, 
peptide hormones, enzymes, vitamins, antibiotics, biologicals, allergens 
and allergenic preparations, poisonous plants, and a new section entitled, 
herbs and “health foods”. Several obsolete drugs and references have been 
deleted and new materials added where appropriate. Many of the 
chemical structures have been redrawn to reflect appropriate steric 
configurations. New prescription products as examples of the various 
drugs have been added as required. 


In general, the new edition has retained the flavor of the previous ones 
with much updating. The chapter on herbs and “health foods” is a wel- 
come addition to a subject that has gained popularity in recent years. This 
chapter has wisely divided the literature references into two groups, eg.,  
authoritative and advocacy literature. This will help the pharmacist and 
others who use it, to determine whether the references their patients use 
are good or bad since self medication with herbs and teas has become 
common. However, several excellent recent references on the hazards of 
herbal teas and ginsing tea analysis have been omitted, and should be 
included in the next edition. As a constructive criticism, more recent key 
journal articles and reviews also should be included in the chapter ref- 
erences. This edition is really top-heavy with text references. Since text 
references tend to be dated by publication time, this policy detracts from 
access to recent literature and the usefulness of the book. This text is a 
must for all pharmacists. 


Reviewed by Ara Der Marderosian 
Professor of Pharmacognosy 
Philadelphia College of 
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Philadelphia, PA 19104 
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the reciprocal of an intercept and p can be evaluated from 
the slope. 


A visual observation of the intercepts of a Langmuir 
isotherm (Fig. 2, Ref. 5 )  shows the order of adsorbents 
according to a to be charcoal > talc > kaolin > magnesium 
trisilicate. The calculated values (Table 11, Ref. 5) show the 
order to be charcoal > kaolin > talc > magnesium trisili- 
cate. The discrepancy arises because the calculated value 
of a for talc is in error1 and should be -71.4 (based on an 
estimated l/a value of 1.4 X from Fig. 2, Ref. 5). The 
corrected values will show that the order coincides well 
with visually observed intercept values. 


It should be noted that, for Langmuir plots, the use of 
units other than molediter for C will not change the order 
of adsorbents according to a values, since a is evaluated 
when C equals zero. However, numerical values of a will 
change. 


It is to be expected that the order of adsorbents would 
be retained regardless of the equation utilized. This would 
be true if the adsorption isotherms did not cross over, i ls  
in this case. The difference in order is due to the fact that 
the Freundlich constant k is evaluated at unit equilibrium 
concentration and the Langmuir constant a is evaluated 
at zero equilibrium concentration. If the isotherms crossed 
over between zero and a unit concentration, the order of 
adsorbents would be different. 


(1) D. R. Sanvordeker and E. Z. Dajani, J. Pharm. Sci., 64, 1877 


(2) E. M. Sellers, V. Knouw, and L. Dolman, ibid., 66,1640 (1977). 
(3) D. 0. Cooney, ibid., 67,426 (1978). 
(4) B. C. Walker, W. H. Thomas, and B. R. Hajratwala, Proc. Unio. 


(5) F. Ganjian, A. J.  Cutie, and T. Jochsberger, J .  Pharm. Sci., 69,352 


(1975). 


Otago Med. Srh., 57,77 (1979). 


(1980). 
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1 There is also a typographical error in Table 11, Ref. 5. Units of (Y should be given 
(adsorbed) per gram (adsorbent) and not gram (adsorbed) per milligram (adsor- 
bent). 


Potential Errors in Determining 
Freundlich and Langmuir Constants from 
Adsorption Isotherms: A Response 


intercepts on which our values were based were read di- 
rectly from the graph. Actually, both intercepts and slopes 
were calculated using standard linear regression methods. 
We also fail to see why 6-cycle paper would be necessary 
in any case. In addition, we feel that the calculation of the 
parameters based on a single point, as the author has done, 
is inappropriate. The accuracy of the values obtained is 
questionable given the closeness of the logarithmic values 
employed. 


With respect to the use of units, we wish to point out that 
physical chemistry texts (3,4) employ molarity as the unit 
for concentration in determining Freundlich parameters, 
not milligrams percent or grams percent as suggested by 
Hajratwala. Indeed, we are puzzled as to why this should 
make a difference in any case. We agree that utilizing dif- 
ferent units will yield different values for the constants. 
However, one need only state which units are used and this 
should not affect the relative order of constants. 


Finally, we acknowledge the error in Table I1 as pointed 
out by the author. The value for a is indeed 70.4 (the in- 
tercept being 1.42 X and the correct value of p is 15.2 
X lo4 M-l. We regret the miscalculation. There is a ty- 
pographical error in Table I1 as Hajratwala notes; however, 
we feel that this was a misreading. The correct units are 
neither g(adsorbed)/mg(adsorbent) as printed nor g(ad- 
sorbed)/g (adsorbent) as stated by Hajratwala, but g(ad- 
sorbed)/M-g(adsorbent). The capital “M” (for molarity) 
was obviously misread as a lower case “m.” 


(1) F. Ganjian, A. J. Cutie, and T. Jochsberger, J .  Pharm. Sci., 69,352 


(2) B. R. Hajratwala, ibid., 71,125 (1982). 
(3) S. H. Maron and J .  B. Lando, “Fundamentals of Physical Chem- 


istry,’’ Macmillan, New York, N.Y., 1974, p. 762. 
(4) D. P. Shoemaker and C. W. Garland, “Experiments in Physical 


Chemistry,” McGraw-Hill, New York, N.Y., 1967, p. 262. 


(1980). 
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Long Island University 
Brooklyn, NY 11201 
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1 -Aryl-3,3-dialkyltriazenes with Antitrypanosomal 
Activity 


~~~ 


Keyphrases 0 Adsorbents-determination of Freundlich and Langmuir 
constants, potential errors, reply Q Freundlich constants-potential 
errors in determination, reply 0 Langmuir constants-potential errors 
in determination, reply 


T o  T h e  Editor: 
In a recent publication (1) we calculated Freundlich and 


Langmuir constants for the adsorption of cimetidine on 
various adsorbents. A number of points in this article have 
been criticized by Hajratwala (2) and we wish to respond 
to some of these criticisms. 


We believe the author has incorrectly assumed that the 


Keyphrases 0 Antitrypanosomal agents-l-aryl-3,3-dialkyltriazenes 
Q Antitumor agents-l-alkyl-3,3-dialkyltriazenes 0 Triazenes, substi- 
tuted-antitrypanosomal and antitumor activity 


T o  the Editor: 
We recently reported the activity of l-(p-tolyl)-3-ace- 


tyl-3-methyltriazene (I), against Trypanosoma rhod- 
esiense in the mouse (1). We now wish to report that a 
number of l-aryl-3-alkyl-3-methyltriazenes (11) have 
shown significant activity against these parasites in the 
mouse model. 


The synthesis and characterization of the l-aryl-3- 
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Table I-Predicted Shelf Life of Benactyzine in Multicomponent 
Formulation 


Temuerature 90% Shelf Life 75% Shelf Life 


5" 
15' 
25" 
40" 
60" 


4.5 years 12.3 years 
1.4 years 3.9 years 
5.9 months f .3 years 
1.3 months 3.6 months 
0.2 months 0.6 months 


cartridges was found only at 80'. No significant differences were found 
with regard to k or CO at  other temperatures. The data for plastic car- 
tridges at 80" were excluded in calculating the regression equation in Fig. 
5. The line is expressed by 


In k = 18.0100 - 14,900/RT (Eq. 8) 


where k is in moles per liter-day. The standard error for the activation 
energy is 880 calories. 


DISCUSSION 
Glass cartridges were found to be more suitable than plastic as con- 


tainers for trimedoxime, atropine, and benactyzine formulations. Ben- 
actyzine is the least stable of the active ingredients in the antidote for- 
mulation. Results of this study show that benactyzine degrades -20% 
after 1 year at 25" in either plastic or glass. The usefulness of the injector 
could be prolonged by storage at 5", where the predicted decrease in 
benactyzine is 10% after 5 years. Figures 6 and 7 illustrate the enhanced 
shelf life of benactyzine when filled at  105% of label and stored at  25 or 
5". Predicted shelf life at various temperatures is presented in Table 
I. 


The trimedoxime in the injector is very stable; about 1.4% degradation 
would occur after 1 year at 25". Solutions of trimedoxime can exist in 
equilibrium with its hydrolysis products (7,8). The degradation rate of 
trimedoxime in plastic cartridges at  80' was faster then expected. The 
unusual drop in pH at 80" (Fig. 3), greater than expected based on tem- 
perature studies, could shift the equilibrium of trimedoxime and conse- 
quently account for the increased degradation rate in plastic. 


Atropine sulfate in the medication is quite stable. According to kinetic 
studies of atropine in solution at  pH 2.8, its half-life would be about 200 


years a t  25" and about 2 years at 80' (2,3). 
The pH values in glass were homogeneous at all temperatures. There 


was some heterogeneity of pH in the plastic cartridge; i.e., 2 of 23 samples 
stored at 5" had a pH of about 2.95; one sample at  80' had a pH of 3.01, 
0.5 units more than expected. A sample at 40" had a pH of 2.51,0.2 units 
lower than expected. The decrease in pH with storage time was consistent 
with temperatures of 65" and below. At  80°, the decrease in pH was slower 
than expected, suggesting abstraction of hydrogen ion by the rubber in 
the cartridge. In the plastic cartridge, the pH decreased at a considerably 
faster rate than expected; this observation suggests a reaction caused by 
some material in plastic at this temperature. At 25" the drop in pH, 
probably due to the formation of benzilic acid, is predicted to be less than 
0.15 units after 1 year of storage. 


Vapor transmission from the cartridges at ambient temperature is low; 
it is estimated that water loss would be about l%/year for the glass car- 
tridge and about 2%/year for the plastic cartridge at  25". 
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Abstract Various factors influencing the apparent protein binding 
of quinidine were examined. Different binding values in rabbit plasma 
were obtained by equilibrium dialysis techniques employing three 
commonly used buffers. Binding values comparable to those found by 
ultrafiltration were achieved after dialysis against isotonic phosphate 
buffer for - 4 hr. Dialysis beyond 8 hr gave an increased free fraction with 
time. The reported effect of in uitro added heparin on plasma protein 
binding could be prevented by reducing the final concentration in blood 
from 20 to 5 U/ml, a concentration still sufficient to prevent clotting of 


A wide range of protein binding values for quinidine 
have been reported. Mean unbound fractions of 0.10-0.29 
were observed in normal volunteers (1-5), while mean 
values of 0.19-0.42 were found for patients with cirrhosis 
(2, 3). Although interindividual differences in binding 
properties may contribute significantly to the variability 


the blood sample. Daily freezing and thawing of plasma samples over 1 
week did not alter the binding of quinidine. The samples were stable for 
a t  least 2 months at -20". 


Keyphrases 0 Binding, protein-quinidine, factors influencing binding, 
rabbit plasma 0 Quinidine-factors influencing protein binding, rabbit 
plasma 0 Plasma protein binding-quinidine, factors influencing 
binding, rabbits 


in these results, differences in the blood collection method 
and in the binding determination could be important 
contributing factors. Ultrafiltration and equilibrium di- 
alysis have been used previously for quinidine binding 
determinations. In equilibrium dialysis, various investi- 
gators have used different temperatures, equilibrium 
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times, and buffers in their studies (1,4,6-9). A significant 
influence of the ionic composition of the buffer on the ex- 
tent of apparent protein binding determined by dialysis 
has been found (10,ll).  Woo and Greenblatt (9) demon- 
strated higher binding at  room temperature than at  body 
temperature which could explain differences in results 
obtained by different investigators. However, no infor- 
mation is available on the time course of equilibrium or 
whether the dialysis time affects the quinidine binding. 
Recent studies suggest that the addition of heparin to 
blood samples may alter the plasma protein binding of 
quinidine (11). 


To determine the influence of the dialysis medium and 
the equilibrium time on the apparent protein binding of 
quinidine, the protein binding in rabbit plasma was mea- 
sured by dialyzing the plasma against various buffers. The 
influence of heparin in uitro at two different concentration 
levels and in uiuo was established. Furthermore, the sta- 
bility of a spiked rabbit plasma sample under conditions 
of repeated freezing and thawing was tested over 2 
months. 


EXPERIMENTAL 


Assay-Quinidine concentrations in plasma and buffer from equi- 
librium dialysis were determined using a modification of a previously 
reported specific high-pressure liquid chromatography (HPLC) method 
(12). A 50-p1 sample of plasma or a 200-pl sample of buffer was mixed with 
200 pl (plasma) or 100 p1 (buffer) of methanol containing 193 ng of hy- 
droquininel/ml as internal standard. Plasma samples were centrifuged 
in a microhematocrit centrifuge2 at -12,OOOXg. A 2 0 4  aliquot of the 
sample was then injected onto a Cl8 pBondapak column3 of 30-cm length 
and 3.9-mm bore, connected to an HPLC pump4. The mobile phase 
consisted of methanol5-water-phosphoric acid5 85% (27.072.95:0.05) 
at  a flow rate of 2 ml/min. Quantitation was achieved by means of fluo- 
rescence detection6 with excitation at 245 nm and emission at 440 nm 
(cutoff filter). Standard curves were prepared daily using peak height 
ratios of various quinidine7 concentrations in plasma or buffer prepared 
as above. 


Equilibrium Dialysis-Aliquots (700 pl) of plasma or serum were 
dialyzed against 700 pl of buffer in a 1-ml dialysis cell8. A dialysis mem- 
branes with an average pore radius of 24 A, pretreated by soaking in 
distilled water (10 min), ethanol (15 min), and buffer (120 min), was used 
in these studies. The cells were incubated in a shaker bathlo at 37' during 
the dialysis. At the end of the planned equilibrium time (6 hr f 20 min, 
when not otherwise stated) the plasma or serum and buffer were removed 
from the half-cells and assayed for quinidine within 24 br (stored at 4" 
until assayed). The ratio of quinidine concentrations in the buffer to the 
plasma or serum was taken as the free fraction of drug in the biological 
sample. 


A blank serum or plasma sample was dialyzed in each binding exper- 
iment to assess the presence of endogenous or exogenous compounds that 
might interfere with the quinidine measurement. 


Ultrafiltration-Protein determination using ultrafiltration was 
carried out with 3 ml of plasma or serum in a stirred cell" using an ul- 
trafiltration filter with a molecular weight cutoff of 25,00012. The filtra- 
tion was accomplished using a positive pressure of 3.5 atm with a gas 
mixture of 1.4% COz in nitrogen at 37" in an incubator. The filtrate was 
collected in a polyethylene tubing'3. Volumes of 100-pl aliquots were 


1 Prepared by hydrogenation of quinine (Fluka AG, Chemische Fabrik, CH-9470 


3 Waters Associates, Milford, Mass. 
4 Model 110, Altex Scientific, Berkeley, Calif. 
5 AR grade, Mallinckrodt, St. Louis, Mo. 
6 Schoeffel Instrument Corp., Westwood, N.J. 


8 Technilabs Instruments, Pequannacock, N.J. 
9 VWR Scientific Inc., San Francisco, Calif. 


Buchs, Switzerland). 
Model MB, International Equipment Co., Needham Heights, Mass. 


Fluka AG, Chemische Fabrik, CH-9470 Buchs, Switzerland; hydroquinidine 
free material prepared by method of Thron and Dirscherl(13). 


10 Braun-Melsungen AG, West Germany. 
11 Millipore Co., Bedford, Mass. 
'2 Pellicon Type PS, Millipore Co., Bedford, Mass. 
13 Intramedic, 1.57-mm i.d., 2.08-mm o.d., Clay Adams, Parsippany, N.Y. 


Table I-Influence of Storage with Frequent Freezing and 
Thawing on Plasma Protein Binding of Quinidine 


Free Fraction of Drug 
Day 


Sample 0 2 4 7 60 


1 0.20 0.21 0.21 0.17 0.17 ._  


2 0.21 0.23 0.22 0.21 0.17 
3 0.19 0.21 0.22 0.21 0.20 
4 0.18 0.21 0.22 0.18 - 
Mean 0.20 0.22 0.22 0.19 0.18 
CV" 6.6 4.7 2.3 10.7 9.6 


0 Coefficient of variation in percent. 


sampled from the tubing and assayed for quinidine immediately. Fil- 
tration was continued until subsequent aliquots of filtrate contained 
comparable amounts of drug. 


Sample Stability-To determine the influence of storage at -2OO with 
frequent freezing and thawing on the protein binding, a large sample of 
rabbit plasma was spiked with quinidine7 at  a concentration of 2 pg/ml. 
A blank sample was kept separate but treated identically to the spiked 
portion. The samples were stored frozen with daily thawing and freezing 
for the first week. Protein binding was determined in 700-pl aliquots 
(quadruplicate) of the spiked sample by equilibrium dialysis [Krebs- 
Ringer bicarbonate buffer (14)] immediately after drawing the blood from 
the animal and again after 2,4, and 7 days. An additional determination 
was made after 2 months. 


Influence of Buffer Composition and Equilibration Time-The 
dependence of the apparent protein binding value determined by equi- 
librium dialysis on buffer composition and equilibrium time was evalu- 
ated in three experiments. A large sample of freshly drawn pooled rabbit 
plasma (stabilized with 5 U of heparin/ml) was spiked with 1 +g of 
quinidine/ml. Aliquots (700 pl) were dialyzed using 12 separate cells for 
each buffer. The cells were removed after 1,2 (duplicates), 3,4,6 (du- 
plicates), 8,12,18, and 24 (duplicates) hr and analyzed by HPLC. The 
buffers used were Krebs-Ringer bicarbonate and phosphate buffer pH 
7.4, both prepared according to Umbreit et al. (14) and isotonic phosphate 
buffer pH 7.4 (0.107 M NazHP04,0.024 M KHzPO4 in double-distilled 
water). The samples containing Krebs-Ringer bicarbonate solutions were 
dialyzed in a 5% cOz-95% 02 atmosphere, the other in a normal atmo- 
sphere. 


Quinidine binding in the sample was also determined by ultrafiltration 
(n = 6). The first 200 pl of ultrafiltrate was discarded and the unbound 
concentration was determined in the subsequent aliquots. The concen- 
tration in these subsequent aliquots varied less than 2%. 


Influence of Heparin-Blank rabbit serum was spiked with quinidine 
to a concentration of 0.4 pg/ml and with heparinI4 to final concentrations 
of 0, 5, and 20 U/ml. Protein binding was determined in triplicate by 
equilibrium dialysis and the values found in the heparinized samples were 
compared to those found in the nonheparinized samples (Student t 
test). 


To test for an indirect effect of heparin in uiuo, 450 U/kg was injected 
into a rabbit. Blood samples (3 ml) were collected immediately before 
injection and after 5,10,30,60, and 180 min. Only the 0- and 180-min 
samples coagulated within 2 hr and allowed collection of serum; in the 
other samples the clear supernate after centrifugation was taken for 
analysis. All samples collected were spiked with 1 pg of quinidine/ml and 
protein binding was determined using equilibrium dialysis (duplicates) 
with the Krebs-Ringer bicarbonate buffer. 


Concentration Dependence-Rabbit serum was spiked with quin- 
idine at  concentration of 250,750,1875, and 3000 ng/ml. Protein binding 
was determined in the samples (triplicates) using equilibrium dialysis 
with the Krebs-Ringer bicarbonate buffer. 


RESULTS AND DISCUSSION 


The assay used for quinidine measurements was fast and precise. The 
number of samples that can be analyzed in 1 day is only limited by the 
retention time of the compounds on the HPLC column (quinidine, 3.6 
min; hydroquinine, 6.0 rnin). Because no extraction step was involved 
in the sample preparation there was little variability in repeated deter- 
minations of the same sample. For quinidine in plasma or serum the 
coefficient of variation (CV) in duplicated determinations was between 
0.18 and 3.9% ( n  = 6) at 0.5 pg/ml and between 0.76 and 1.2% (n = 2) at 


14 Heparin sodium injection USP 1000 U/ml, Invenex. 
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Table 11-Unbound Fraction of Quinidine in Plasma at Various 
Concentration Levels 


Total 
Quinidine 


Concentration, 
ng/ml 


Unbound 
Fraction" 


.,' /. 


. . . . . . . . 


.o-., 


_ .  . ... 


.-. 
'-0 


l . . . . . . . .  


4 8 12 16 20 24 
HOURS 


Figure 1-Influence of buffer composition and equilibration t ime on  
apparent free fraction of quinidine i n  rabbit plasma. Key: 0, spiked 
plasma dialyzed against Krebs-Ringer bicarbonate buffer; 0 ,  spiked 
plasma dialyzed against Krebs-Ringer phosphate buffer; 0, spiked 
plasma dialyzed against isotonic phosphate buffer; * spiked Krebs- 
Ringer phosphate buffer dialyzed against rabbit plasma; and ....., ul- 
trafiltration of spiked plasma. 


1 pg/ml. Similar low variability was also observed in duplicate determi- 
nations of buffer samples: 0.94-6.3% ( n  = 4) a t  50 ng/ml and 1.743% (n  
= 5) a t  100 ng/ml. Standard curves were prepared daily by spiking blank 
plasma or water with various amounts of quinidine. The curves were 
linear with a CV for concentration-normalized peak height ratios of 
4.5-7.5% in plasma and 2.0-5.8% in water. 


A great deal of attention has been directed to the stability of biological 
samples when protein binding is to be measured. Denaturation of a major 
binding component under the storage conditions could influence the 
apparent free fraction of drug in the samples. Because freezing of bio- 
logical fluids collected in pharmacokinetic studies is the most common 
form of storage, the influence of frequent freezing and thawing on the 
protein binding of quinidine in rabbit plasma was determined. Table I 
summarizes the result of a 2-month stability test. There was no significant 
change or trend in the free fraction of quinidine over a 1-week period with 
daily freezing and thawing of the sample, and no difference in the extent 
of binding could be detected after storage of the plasma in the freezer over 
a 2-month period. These results are in agreement with other findings 
(9). 


The apparent free fraction of quinidine in a test sample was compared 
using equilibrium dialysis with three different buffers. Because little 
information exists regarding the time course of the equilibration process 
of quinidine, studies for each buffer were established. Samples equili- 
brated for 2,6, and 24 hr were run in duplicate to allow estimation of the 
variability in the protein binding determination. Ultrafiltration of the 
same spiked plasma sample provided an independent estimate of the 
unbound drug concentration and yielded a value for the free fraction of 
0.11. 


In the dialysis experiments (Fig. l ) ,  no clear equilibrium was reached 
for any one of the buffers even after 18-24 hr of dialysis. The values of 
the free fraction measured a t  these times exceeded the value of 0.11 de- 
termined by ultrafiltration and the samples showed turbidity. However, 
there appeared to be a temporary plateau discernible in the binding 


Mean (coefficient of variation). 
curves between -4 and 8 hr with unbound fraction similar to those ob- 
tained by ultrafiltration. Therefore, it can be concluded that equilibrium 
between the free quinidine concentration in plasma and in buffer was 
established after 4-6 hr, and that a second event causing displacement 
of drug from the protein or a particularly noticeable reduction of the 
binding capacity took place when dialysis extended beyond 8 hr. A sec- 
ond, much higher plateau in the equilibration curve was seemingly ap- 
proached after 18-24 hr. 


To further verify the use of the plateau a t  4-8 hr as being representative 
of quinidine binding in plasma, the equilibrium time experiment was 
repeated using Krebs-Ringer phosphate buffer. However, in this instance 
the buffer side and not the plasma side was spiked. The result is shown 
in Fig. 1. After an initial rapid decline in the apparent drug free fraction, 
a trough value was attained after 8 hr a t  which time the apparent free 
fraction increased again, identically to the experiment using spiked 
plasma samples. The same plateau values were not attained as when the 
plasma side was spiked and only approached after 8 hr. This is readily 
explained by the general phenomenon that spiked buffer samples ap- 
proach equilibrium a t  a slower rate than spiked plasma samples (15). 


These experiments strongly indicate that under the given conditions 
the equilibrium is reached after 4-6 hr, and beyond 8 hr secondary effects 
occur that decrease the binding. Special care should be taken when using 
extended equilibrium times, particularly if the buffer side is spiked when 
assessing the binding. For example, in a study of demethylchlorimipra- 
mine protein binding (161, no apparent equilibrium was found even after 
19 hr of dialysis when spiking the buffer side. However, a trough level was 
observed after 6 hr, after which the apparent free fraction started to in- 
crease again. I t  is possible that the 6-hr trough levels better represent the 
true unbound levels than the 19-hr dialysis values. 


The reason for this phenomenon is not clear. Due to the increasing 
turbidity of the buffer samples, i t  is felt that microbiological growth took 
place, causing either drug displacement or binding protein degradation. 
This phenomenon is being investigated further. 


Krebs-Ringer bicarbonate and Krebs-Ringer phosphate buffers gave 
higher unbound fraction values than isotonic phosphate buffer after 6 
hr. This is consistent with previous findings (10, 11) that chloride dis- 
places quinidine from plasma proteins. The Krebs-Ringer buffers contain 
chloride (128 mmoles/liter) while isotonic phosphate buffer does not. 
Because the Krebs-Ringer buffers contain a chloride concentration close 
to i n  uiuo plasma levels, the use of these buffers would be expected to give 
values close to the i n  uiuo unbound levels. However, the ultrafiltration 
values are closer to the values obtained by use of the isotonic phosphate 
buffer and therefore do not confirm this assumption. 


Figure 1 shows that the increase in the apparent free fraction beyond 
8 hr is less pronounced using the isotonic phosphate buffer. For practical 
reasons it may be more advantageous to use the isotonic phosphate buffer 
in binding determinations by equilibrium dialysis rather than Krebs- 
Ringer buffers, although the latter should be the buffer of choice on a 
theoretical basis. 


Heparin is widely used clinically as an anticoagulant, i n  uitro for 
plasma collection methods, and in uiuo for blood exchange techniques 
and for patients undergoing cardiopulmonary bypass or cardiac cathe- 
terization. I t  also has been shown to influence the protein binding or 
binding determination of various drugs including quinidine (1,17, 18). 
The binding of quinidine to serum proteins was unaffected by a heparin 
concentration of 5 U/ml ( p  > 0.10) but significantly decreased in the 
presence of 20 U of heparin/ml ( p  < 0.05). Because 5 U of heparin/ml is 
sufficient to prevent coagulation in uitro, the influence of anticoagulant 
on protein binding could be prevented merely by reducing its concen- 
tration. 


The effect of injected heparin was immediate with the strongest in- 
crease in the free fraction of drug in the first sample (collected at  5 min) 
and an exponential decline thereafter. Even after 3 hr, the binding of 
quinidine to proteins had not yet reached the pre-experimental value. 
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Although the amount of heparin injected may not be large compared to 
therapeutically administered doses, it is much more than would reach 
the general circulation by using indwelling heparinized catheters. The 
effect of lower amounts should be carefully assessed prior to studies using 
such catheters not only if protein binding determinations are planned, 
but in kinetic studies in general. This is important because altered protein 
binding can have a profound effect on kinetic parameters such as clear- 
ance (19) and apparent volume of distribution (20) or the interpretation 
of such data. 


An earlier report (12) raised the possibility that  protein binding of 
quinidine, a t  least in rabbits, might be capacity limited. However, Table 
I1 shows that there is no such effect discernible over the Concentration 
range of 250-3000 ng/ml. Similarly, a previous study (9) found no con- 
centration-dependence in the binding of quinidine to human serum over 
the clinically relevant range. 
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Abstract 0 N6-(A2-Isopentenyl)adenosine (I), a nucleoside previously 
shown to be cytotoxic against several types of tumor cells, was impreg- 
nated in silicone polymer monolithic disc devices for release in uitro 
against lymphocytic mouse leukemia cells. Plotting the cumulative 
amount of N6-(A2-isopentenyl)adenosine released per unit area of the 
device uersus the square root of time revealed a linear relationship. 
However, the higher loading dose tended to rapidly release any drug 
deposited on the polymer surface. The optimum loading dose of the de- 
vice for the most effective antileukemic activity in 24 hr was calculated 
based on a plot of the release rate uersus the square root of an initial 
loading dose. The silicone polymer-I delivery system enabled a sustained 
and controllable release of additional agent. I t  was thus possible to 
achieve virtually total inhibition of leukemic cell replication using the 
polymeric delivery system. Increased concentrations of I, without the use 


of the polymeric system, resulted in maximum 24 hr inhibition of only 
-81%, followed by a decline in overall antileukemic activity. It is possible 
to achieve a more predictable release rate of N6-(A2-isopenteny1)aden- 
osine and corresponding antileukemic activity using a polymeric delivery 
system against L-1210 mouse leukemic cells i n  uitro. The relative data 
indicate the ED50 concentrations to be considerably less using the poly- 
meric delivery system. 


Keyphrases 0 Delivery systems-impregnated silicone polymer, N6- 
(A2-isopentenyl)adenosine 0 Release rates-impregnated silicone 
Polymer delivery system, N6-(Az-isopentenyl)adenosine 0 N6-(Az-Iso- 
pentenyl)adenosine-antineoplastic, improved delivery using impreg- 
nated silicone polymer 


N6-(A2-1sopentenyl)adenosine (I), a nucleoside previ- 
ously shown to be both an inhibitor and cytotoxic to 
human leukemic myeloblast and sarcoma-180 cells (11, was 
prepared entrapped in the polymeric delivery form of a 
silicone polymer’ monolithic disk to evaluate its relative 
antineoplastic properties. 


Earlier studies demonstrated that I, found also in several 
isoaccepting species of tRNA, can interfere with the 


1 Silastic, 382 Medical Grade Elastomer, Dow Corning Corp., Midland, Mich. 


transport of unmodified nucleosides through the cyto- 
plasmic membrane of mouse embryo cells at the level of 
the transmembrane translocation function (2). This 
membrane transport inhibition is believed to be respon- 
sible for its ability to alter RNA synthesis in phytohem- 
agglutinin-stimulated mouse spleen lymphocytes as well 
as to be immunosuppressive in nature (3). In the latter 
context, it was possible to prepare an antibody with sero- 
logic specificity for I (4). Previous studies (5) demonstrated 
that L-1210 mouse leukemic cells possess the necessary 
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the reciprocal of an intercept and p can be evaluated from 
the slope. 


A visual observation of the intercepts of a Langmuir 
isotherm (Fig. 2, Ref. 5 )  shows the order of adsorbents 
according to a to be charcoal > talc > kaolin > magnesium 
trisilicate. The calculated values (Table 11, Ref. 5) show the 
order to be charcoal > kaolin > talc > magnesium trisili- 
cate. The discrepancy arises because the calculated value 
of a for talc is in error1 and should be -71.4 (based on an 
estimated l/a value of 1.4 X from Fig. 2, Ref. 5). The 
corrected values will show that the order coincides well 
with visually observed intercept values. 


It should be noted that, for Langmuir plots, the use of 
units other than molediter for C will not change the order 
of adsorbents according to a values, since a is evaluated 
when C equals zero. However, numerical values of a will 
change. 


It is to be expected that the order of adsorbents would 
be retained regardless of the equation utilized. This would 
be true if the adsorption isotherms did not cross over, i ls  
in this case. The difference in order is due to the fact that 
the Freundlich constant k is evaluated at unit equilibrium 
concentration and the Langmuir constant a is evaluated 
at zero equilibrium concentration. If the isotherms crossed 
over between zero and a unit concentration, the order of 
adsorbents would be different. 
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1 There is also a typographical error in Table 11, Ref. 5. Units of (Y should be given 
(adsorbed) per gram (adsorbent) and not gram (adsorbed) per milligram (adsor- 
bent). 


Potential Errors in Determining 
Freundlich and Langmuir Constants from 
Adsorption Isotherms: A Response 


intercepts on which our values were based were read di- 
rectly from the graph. Actually, both intercepts and slopes 
were calculated using standard linear regression methods. 
We also fail to see why 6-cycle paper would be necessary 
in any case. In addition, we feel that the calculation of the 
parameters based on a single point, as the author has done, 
is inappropriate. The accuracy of the values obtained is 
questionable given the closeness of the logarithmic values 
employed. 


With respect to the use of units, we wish to point out that 
physical chemistry texts (3,4) employ molarity as the unit 
for concentration in determining Freundlich parameters, 
not milligrams percent or grams percent as suggested by 
Hajratwala. Indeed, we are puzzled as to why this should 
make a difference in any case. We agree that utilizing dif- 
ferent units will yield different values for the constants. 
However, one need only state which units are used and this 
should not affect the relative order of constants. 


Finally, we acknowledge the error in Table I1 as pointed 
out by the author. The value for a is indeed 70.4 (the in- 
tercept being 1.42 X and the correct value of p is 15.2 
X lo4 M-l. We regret the miscalculation. There is a ty- 
pographical error in Table I1 as Hajratwala notes; however, 
we feel that this was a misreading. The correct units are 
neither g(adsorbed)/mg(adsorbent) as printed nor g(ad- 
sorbed)/g (adsorbent) as stated by Hajratwala, but g(ad- 
sorbed)/M-g(adsorbent). The capital “M” (for molarity) 
was obviously misread as a lower case “m.” 
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1 -Aryl-3,3-dialkyltriazenes with Antitrypanosomal 
Activity 


~~~ 


Keyphrases 0 Adsorbents-determination of Freundlich and Langmuir 
constants, potential errors, reply Q Freundlich constants-potential 
errors in determination, reply 0 Langmuir constants-potential errors 
in determination, reply 


T o  T h e  Editor: 
In a recent publication (1) we calculated Freundlich and 


Langmuir constants for the adsorption of cimetidine on 
various adsorbents. A number of points in this article have 
been criticized by Hajratwala (2) and we wish to respond 
to some of these criticisms. 


We believe the author has incorrectly assumed that the 


Keyphrases 0 Antitrypanosomal agents-l-aryl-3,3-dialkyltriazenes 
Q Antitumor agents-l-alkyl-3,3-dialkyltriazenes 0 Triazenes, substi- 
tuted-antitrypanosomal and antitumor activity 


T o  the Editor: 
We recently reported the activity of l-(p-tolyl)-3-ace- 


tyl-3-methyltriazene (I), against Trypanosoma rhod- 
esiense in the mouse (1). We now wish to report that a 
number of l-aryl-3-alkyl-3-methyltriazenes (11) have 
shown significant activity against these parasites in the 
mouse model. 


The synthesis and characterization of the l-aryl-3- 
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R' = alkyl 
I1 


alkyl-3-methyltriazenes were reported previously (2, 3). 
The triazenes were tested against T. rhodesiense (Well- 
come CT strain) in the mouse (ICR/HA Swiss) (4). Test 
and control mice were 6 weeks old and weighed 28-30 g. No 
differences in response between male and female mice have 
been reported. Each mouse was infected with an intra- 
peritoneal injection of 0.05 ml of a 1:50,000 dilution of 
heparinized heart blood drawn from donor mice infected 
3 days earlier. 


Drugs were administered subcutaneously as a single dose 
in peanut oil 2 hr after injection. Untreated mice died be- 
tween 4.2 and 4.5 days after injection. Surviving animals 
were observed for 30 days and mice surviving after this 
time were considered cured. The surviving mice were not 
checked for parasitemia. Test data are given in Table I. 
The activities of some of the compounds against Sar- 
coma-180 in the mouse are also included. 


The activities reported in Table I suggest that triazenes 
have curative effects against T. rhodesiense in mice. 
However, high doses are required to produce these effects. 
It has been suggested that similarities exist between some 
metabolic pathways of the predominant bloodstream form 
of the African trypanosome and tumor cells (5) and it was 
shown that a number of anticancer agents are active 
against T. rhodesiense (6). This correlation was also sug- 
gested by the data in Table I when a comparison was made 
of those activities for the compounds on which both types 
of data were determined. Compounds 2 and 4 are active in 
both test systems. Compounds 1 and 3 also were reported 


Table I-Activity of I1 against 2'. rhodesiense Infection in  Mice 


Dose, Antitry- 
mgkg  panosomal Anticancer 


R R' ip Activity" Activityb 


4 


10 
11 
12 


13 
14 


p-COOH CH3 


m-COOH CH3 
p-NHCO- CH3 


CH3 


p-NOz CH3 


-COOH 
p-COOH 


p -COOH 
p-COOH 


424 415 
424c 515 
424 115 3.01d 
424 215 


212 115 
424c 215 
424 315 
212 115 
424c 
424 
424 
424 
424 
424 
424 
424 
424 


315 
Inactive 
Inactive 
Inactive 
Inactive 
Inactive 
Inactive 
Inactive 
Inactive 


3.43d 


Inactive 
3.1se 
3 .16e  


Inactive 
3.25e 


Inactivee 
Inactivee 
Weakly 
active' 


p-CN C H ~ C ~ H ~ - P - C H ~  424 Inactive Inactivee 
p-CN CHzC6H4-p-CI 424 Inactive Inactivee 


Cures per five treated animals. * Activity is given as -log C; C is the moles/kg 
required to give an increase life span of 130% of control. Tumor was S-180 in the 
mouse. Duplicate. From reference 2. From reference 3. 


to be active against murine leukemia L-1210 in the mouse 
while the p-phenyl analog of I1 (compound 5) is inactive 
against T. rhodesiense, S-180, and L-1210 (7). 


The exact mechanism of the anticancer action of the 
trianzenes is not known but it is known that the 3,3-di- 
alkyltriazenes undergo extensive metabolic N-dealkylation 
to produce alkylating intermediates (8). This metabolic 
pathway to activation could be host-mediated or it could 
also be present in the African trypanosome and be involved 
in the mechanism of action of the triazenes against this 
parasite. The antitrypanosomal activities of triazenes are 
being studied further. 
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Comparison of Equilibrium Times in Dialysis 
Experiments Using Spiked Plasma or 
Spiked Buffer 


Keyphrases 0 Equilibrium dialysis-comparison of spiked plasma and 
spiked buffer Ul Protein binding-effect of spiked plasma and spiked 
buffer on equilibrium dialysis 


To the Editor: 
When the plasma protein binding of a drug is to be de- 


termined using equilibrium dialysis in uitro, the drug can 
be added to either the buffer side or the plasma side of a 
dialysis cell. Adding drug to the plasma will dilute the 
plasma proteins if the drug has to be added as a solution. 
Adding the drug solution to the buffer avoids this diffi- 
culty. However, the approach to equilibrium is slower when 
the buffer is spiked than when the plasma is spiked. Under 
conditions where the equilibrium conditions can change 
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essential oils and flavoring compounds is also new to this edition. Spec- 
ifications for flavor aromatics and isolates are now given in clear t.abular 
form. 


In the area of policy, the new edition contains a set of guidelines for 
“good manufacturing practice” developed by the Committee on Codex 
Specifications. 


Officially, the Codex is recognized by the Food and Drug Adminis- 
tration which adopted certain Codex specifications in 1971. 


This book is essential to anyone working in the areas of food science 
and technology, quality control, and good research. More than 600 sci- 
entists from a variety of disciplines contributed to this work as well as 
many trade associations and professional societies. 


Purchasers of this edition are entitled to receive three supplements 
to the Codex, included in the purchase price. 


Staff Reuieiu 


Textbook of Biopharmaceutic Analysis. By R. V. SMITH and d. T. 
STEWART. Lea & Fehiger, 600 Washington Square, Philadelphia, 
PA 19106.1981.308 pp. 18 X 25 cm. Price $25.00 (Canada $30.00) 
To better prepare the practitioner for anticipated new roles in the 


delivery of health case, pharmaceutical education has evolved from a 
product oriented emphasis to a clinically oriented one. This change has 
given rise to such courses as biopharmaceutics, clinical pharmacy, and 
clinically oriented clerkships and externships. In addition, it often has 
necessitated the restructuring ofthe traditional basic science courses in 
order to provide a more adequate background for the clinical sciences. 
This textbook treats those aspects of analytical chemistry, analytical 
microbiology and biochemistry, and drug assay that concern the devel- 
opment and application of procedures for the determination of drugs and 
their metabolites i n  the biological fluids. This volume appears to be the 
first attempt to provide such a body of knowledge in textbook form for 
utilization in the pharmacy curriculum. 


This book is divided into three sections: “Defining the Problem,” “The 
Separation Step,” and “The Measurement Step.” This sequence is based 
on the approach that one would presumably follow in developing a 
methodology for the determination of a drug or its metabolites in bio- 
logical fluids. The first sect ion presents relevant background material, 
covers the development of methods for determining t.race levels of me- 
dicaments in biological fluids, and deals with the procurement and 
characterization of reference standards. While three sources of reference 
standards are mentioned, unfortunately, the United States Pharmaco- 
peial Convention has been overlooked. 


The second section reviews the major separation and purification 
techniques including liquid-solid extraction, liquid-liquid extraction, 
partition coefficient, ion-pairing procedures, and the major chromato- 
graphic methods, i .r . ,  TLC, GC, HPLC, gel permeation, and ion-exchange 
chromatography. 


The third section covers techniques for measurement and encompasses 
10 chapters. Separate chapters are devoted to the following topics: sta- 
tistical treatment of data, treatment of chromatographic data, UV-visible 
absorption and emission spectrophotometry, fluorimetry and phospho- 
rimetry, electroanalytical methods, radiochemical methods, immunoassay 
techniques (RIA, EMIT, HI, SLFIA, and spin immunoassay), microbi- 
ological assay methods, enzymatic analysis, and a very brief concluding 
chapter on the method of selecting the appropriate analytical procedure 
for a particular situation. An array of pertinent literature references is 
provided at  the end of each chapter along with a series of learning ob- 
jectives to assist the student in reviewing the chapter content. Additional 
recommended readings are presented for more advanced students. 


This text is written in a lucid manner, is well-organized, and the in- 
formation is presented in a logical format. While the content ofthis book 
may be presented as a separate course offering, the subject matter may 
be more appropriately covered as segments in those courses where the 
basic concepts are taught. or it may possibly be included as a component 
of one of the clinical science courses. This material is important and serves 
well as a bridge between the clinical sciences and the basic pharmaceutical 
sciences. It merits consideration in the pharmaceutical curriculum. 


Reuiewrd by Martin I. Blake 
(lniurrsity of Illinois 
College of Pharmacy 
Chicago, I L  60612 


Pharmacognosy, 8th edition. VARRO E. TYLER, LYNN R. BRADY, 
and JAMES E. ROBBERS. Lea & Febiger, Philadelphia, PA 19106. 
1981.520 pp. 18 X 25 cm. Illustrated with Numerous chemical struc- 
tures, figures and photographs. Price: $31.50 U.S., $37.75 Canada. 
This modern pharmacognosy text is all-inclusive and deals with drugs 


of natural origin that make up close to 50% of all medicinals currently 
employed. It has been the standard textbook of pharmacognosy in the 
U.S. for a number of years, and is the only one which has been periodically 
updated. It provides a systematic and comprehensive review of plant and 
animal drugs in a biochemical classification system. Major chapter titles 
include, general introduction, carbohydrates and related compounds, 
glycosides and tannins, lipids, volatile oils, resins, steroids, alkaloids, 
peptide hormones, enzymes, vitamins, antibiotics, biologicals, allergens 
and allergenic preparations, poisonous plants, and a new section entitled, 
herbs and “health foods”. Several obsolete drugs and references have been 
deleted and new materials added where appropriate. Many of the 
chemical structures have been redrawn to reflect appropriate steric 
configurations. New prescription products as examples of the various 
drugs have been added as required. 


In general, the new edition has retained the flavor of the previous ones 
with much updating. The chapter on herbs and “health foods” is a wel- 
come addition to a subject that has gained popularity in recent years. This 
chapter has wisely divided the literature references into two groups, eg.,  
authoritative and advocacy literature. This will help the pharmacist and 
others who use it, to determine whether the references their patients use 
are good or bad since self medication with herbs and teas has become 
common. However, several excellent recent references on the hazards of 
herbal teas and ginsing tea analysis have been omitted, and should be 
included in the next edition. As a constructive criticism, more recent key 
journal articles and reviews also should be included in the chapter ref- 
erences. This edition is really top-heavy with text references. Since text 
references tend to be dated by publication time, this policy detracts from 
access to recent literature and the usefulness of the book. This text is a 
must for all pharmacists. 


Reviewed by Ara Der Marderosian 
Professor of Pharmacognosy 
Philadelphia College of 


Pharmacy and Science 
Philadelphia, PA 19104 
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Although the amount of heparin injected may not be large compared to 
therapeutically administered doses, it is much more than would reach 
the general circulation by using indwelling heparinized catheters. The 
effect of lower amounts should be carefully assessed prior to studies using 
such catheters not only if protein binding determinations are planned, 
but in kinetic studies in general. This is important because altered protein 
binding can have a profound effect on kinetic parameters such as clear- 
ance (19) and apparent volume of distribution (20) or the interpretation 
of such data. 


An earlier report (12) raised the possibility that  protein binding of 
quinidine, a t  least in rabbits, might be capacity limited. However, Table 
I1 shows that there is no such effect discernible over the Concentration 
range of 250-3000 ng/ml. Similarly, a previous study (9) found no con- 
centration-dependence in the binding of quinidine to human serum over 
the clinically relevant range. 
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Abstract 0 N6-(A2-Isopentenyl)adenosine (I), a nucleoside previously 
shown to be cytotoxic against several types of tumor cells, was impreg- 
nated in silicone polymer monolithic disc devices for release in uitro 
against lymphocytic mouse leukemia cells. Plotting the cumulative 
amount of N6-(A2-isopentenyl)adenosine released per unit area of the 
device uersus the square root of time revealed a linear relationship. 
However, the higher loading dose tended to rapidly release any drug 
deposited on the polymer surface. The optimum loading dose of the de- 
vice for the most effective antileukemic activity in 24 hr was calculated 
based on a plot of the release rate uersus the square root of an initial 
loading dose. The silicone polymer-I delivery system enabled a sustained 
and controllable release of additional agent. I t  was thus possible to 
achieve virtually total inhibition of leukemic cell replication using the 
polymeric delivery system. Increased concentrations of I, without the use 


of the polymeric system, resulted in maximum 24 hr inhibition of only 
-81%, followed by a decline in overall antileukemic activity. It is possible 
to achieve a more predictable release rate of N6-(A2-isopenteny1)aden- 
osine and corresponding antileukemic activity using a polymeric delivery 
system against L-1210 mouse leukemic cells i n  uitro. The relative data 
indicate the ED50 concentrations to be considerably less using the poly- 
meric delivery system. 


Keyphrases 0 Delivery systems-impregnated silicone polymer, N6- 
(A2-isopentenyl)adenosine 0 Release rates-impregnated silicone 
Polymer delivery system, N6-(Az-isopentenyl)adenosine 0 N6-(Az-Iso- 
pentenyl)adenosine-antineoplastic, improved delivery using impreg- 
nated silicone polymer 


N6-(A2-1sopentenyl)adenosine (I), a nucleoside previ- 
ously shown to be both an inhibitor and cytotoxic to 
human leukemic myeloblast and sarcoma-180 cells (11, was 
prepared entrapped in the polymeric delivery form of a 
silicone polymer’ monolithic disk to evaluate its relative 
antineoplastic properties. 


Earlier studies demonstrated that I, found also in several 
isoaccepting species of tRNA, can interfere with the 


1 Silastic, 382 Medical Grade Elastomer, Dow Corning Corp., Midland, Mich. 


transport of unmodified nucleosides through the cyto- 
plasmic membrane of mouse embryo cells at the level of 
the transmembrane translocation function (2). This 
membrane transport inhibition is believed to be respon- 
sible for its ability to alter RNA synthesis in phytohem- 
agglutinin-stimulated mouse spleen lymphocytes as well 
as to be immunosuppressive in nature (3). In the latter 
context, it was possible to prepare an antibody with sero- 
logic specificity for I (4). Previous studies (5) demonstrated 
that L-1210 mouse leukemic cells possess the necessary 
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Figure 1-High-pressure liquid chromatogram of a sample prepared 
by adding inosine or adenosine to the cultured sample containing 182 
pg of IImL 


enzyme systems to phosphorylate I to the nucleotide level 
in uitro. I t  is not yet certain whether this biotransforma- 
tion is a prerequisite for its antileukemic property. 


The chemical reactions, biosynthesis, and metabolism 
of I, as well as its structural and functional role with respect 
to tRNA has been extensively reviewed (6). The impor- 
tance of the intact allylic double bond moiety of the side 
Table I-Preliminary Determination of Optimum Concentration 
of NG-(A2-Isopentenyl)adenosine (without Silicone Polymer) 
Required to Inhibit the Growth of Cultured L-1210 Mouse 
Leukemic Cells 


Time after Addition of I 
to Culture Medium 


Concentration Concentration 
of I in Change in of I in Change in 


Culture Total Cell Culture Total Cell 
Mediumb. Number‘. Medium. Number. 


Experimental pglml % pglml % 
Seriesn 4 hr 24 hr 


A (control) 0 +24.3 0 +141.3 
B (182 pg I/ml) 143 -25.1 140 -67.2 
C (320 LE Ilrnl) 253 -61.3 250 -81.2 


Each T-flask contained 5 ml of growth medium containing RPMI 1640 plus 
10% FCS, L-1210 cells and initial concentrations of I as indicated; cultures were 
conducted in triplicate. b Performed using HPLC. c Initial numbers of cells in 
control and treated cultures were 2 X lo5 f 6% per ml of growth medium. 
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Figure 2-Release of I in phosphate buffered saline solution from sil- 
icone polymer sheet containing 3% (wlw) I (points indicate the auerage 
of two experiments). Key: 0,  Q versus t; and A, Q versus t1/2. 


chain of the purine, in addition to the ribose group of the 
nucleoside I, is generally recognized as being essential for 
antileukemic activity. 


Although I has antineoplastic and cytotoxic effects 
against leukemic cells when administered to humans, it is 
known to be susceptible to enzyme degradation. Chheda 
et al. (7) showed that the biological half-life of I after in- 
travenous administration was 4 hr. Other results (8) in- 
dicated that adenosine deaminase catalyzes conversion of 
I to inosine. It was also reported (9) that elevated adenosine 
deaminase activity in human blood significantly facilitates 
I degradation. 


The present study developed a polymeric delivery sys- 
tem capable of releasing the optimum amount of I in a 
given interval of time required for most effective antileu- 
kemic activity. 


EXPERIMENTAL 


Preparation of NG-(A2-Isopentenyl)adenosine-I was prepared 
according to procedures described previously (2,4,5). Samples for ana- 
lytical comparison using enzymatic and chromatographic techniques were 
described earlier (5). 


Isolation and Propagation of L-1210 Mouse Leukemic Cells- 
Lymphocytic mouse leukemias were first described by Law et al. (10). 
Drug-sensitive and certain resistant sublines were propagated and cry- 
opreserved (11) for in uiuo and cell culture experiments. Parent lines were 
initially provided by other  institute^^^^. Parent L-1210 mouse leukemic 
cells were grown to various densities as suspension cultures in tissue 


Dr. A. E. Bogden, Mason Research Inst., Worcester, Mass. 
Dr. H. Harder, Oral Roberts University Medical Center, Tulsa, Okla. 
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Figure 3-Effect of the square root loading dose (All2) in the silicone 
polymer sheet on the release rate of I (Q/t1/2). 


culture flasks4 containing 5.0 ml of growth medium5. Incubations were 
done a t  37" under controlled conditions using a digital incubator6 con- 
taining a 5% carbon dioxide-air atmosphere with a 98% relative humidity. 
Cells were visually monitored daily to assess general growth character- 
istics and to ensure the absence of contaminants using an inverted mi- 
croscope-video system designed and interfaced in this laboratory and 
described elsewhere (12). Cell number and viability values were deter- 
mined using Turk's solution and trypan blue exclusion methods, re- 
spectively, in hemocytometer cells (1 1). 


Preparation of Isopentenyl Adenosine-Silicone Polymer Mono- 
lithic Sheets-N6-(A2-Isopentenyl)adenosine-silicone polymer sheets 
were prepared by mixing the required amounts of I into the silicone 
polymer and polymerizing with catalyst7. The mixture was then spread 
in a thin film on a glass plate and left overnight before the release study. 
The concentration of I in the polymeric delivery devices was calculated 
based on the weight-ratio of the drug and polymer used. Sheets of I-sil- 
icone for the cell culture media were sterilized using ethylene oxide 
sterilization". Before use, each preparation was left a t  room temperature 
at atmospheric conditions overnight to eliminate residual ethylene oxide 
effects on the culture medium. Preliminary experiments indicated that 
equivalent quantities of the silicone polymer without I were not cytotoxic 
to normal growth of L-1210 cells. 


Determination of Antineoplastic Activity of I against L-1210 
Lymphocytic Leukemic Cells-Mouse L-1210 leukemic cells were 
grown in supplemented growth medium at several initial cell concen- 
trations. Aliquots were removed using aseptic techniques for the deter- 
minations of cell number, and for centrifugation-filtration to obtain 
filtrates for assessing I concentration by high-pressure liquid chroma- 
tography (HPLC). Cell numbers in each culture flask were determined 
initially and after the introduction of I-silicone preparations or sterile- 
filtered solutions of I. These solutions were prepared by dissolving various 
quantities of solid I in 0.1-0.5-ml volumes of growth medium, and ster- 
ile-filtered using individual microunits9. After introducing small-volume 
aliquots of I solutions or I-silicone, aliquots of cell suspensions were re- 
moved during continuous incubation conditions and subjected to cen- 
trifugation-filtration. The latter consisted of using a centrifugal micro- 
filter device fitted with 0.2-pm regenerated cellulose filters1° to centrifuge 
and filter cell suspensions to get a cell-free filtrate. 


Determination of I Released from the Polymer Sheet-Polymer 
sheets of known sizes were suspended on a chrome wire in 100-ml portions 
of phosphate-buffered saline solution, pH 7.4. The solution was covered 
to minimize evaporation. Throughout the diffusion experiment, the so- 
lution was stirred constantly to reduce boundary-layer effects. Fresh 
portions of phosphate-buffered saline solution replaced spent medium 
a t  each sampling time. For the quantitation of I released, aliquots (30 p1) 
of the eluting solution were applied onto a high-pressure liquid chro- 


Falcon Plastics, 25 cm2, No. 3012. 
RPMI-1640 medium including L-glutamine, supplemented with 10% fetal bo- 


Model 3029, Forma Scientific, Marrietta, Ohio. 


Steri-Vac Gas Sterilizer, 3M Co., St. Paul, Mmn. 


vine serum (all products of Grand Island Biological Co., Grand Island, N.Y.). 
7 Dow Corning Catalyst M., Dow Corning Corp., Midland, Mich. 


9 Nalgene filter unit (cat. no. 120-0020;0.12pm), Sybron-Nalge Co., Rochester, 


10 Bioanalytical System, West Lafayette, Ind.; Schleicher-Schuell filters. 
N.Y. 


A 


0 24 48 72 
I . .  


0 24 48 72 0 24 48 72 


INCUBATION PERIOD AT 37". hours 


Figure 4-The antileukemic effect of I using a silicohe polymeric de- 
livery system and varying numbers of cultured L-I210 mouse leukemia 
cells (A, 0.01 ml; B, 0.02 ml; C, 0.03 ml of 24-hr cell stock). Key: 0, control 
cultures; 0, I-silicone (5 mg I per 200-mg silicone polymer sheet); 0, 
I (40 d m U .  


matographll. All determinations of release rates were performed a t  least 
in duplicate. 


High-pressure Liquid Chromatographic Procedure-The HPLC 
separation was performed using a reversed-phase column1* with a flow 
rate of 1.0 ml/min using methanolL3-water (3:2) as the mobile phase. 
Column effluent was pumped through a variable wavelength detector14 
monitored a t  269 nm at ambient temperature. The detector sensitivity 
for phosphate buffer saline sample and cell culture sample was set at  0.05 
and 0.5 aufs respectively. All quantitative determinations were made 
based on the standard curve obtained by plotting the peak height or 
electronic integrator response against the concentration of I. 


RESULTS AND DISCUSSION 


Monolithic sheet devices of I-silicone polymer were prepared that 
release I at the concentration range for >95% destruction of leukemic cells 
in the culture medium within 24 hr. The pattern of antileukemic activities 
of intact I and the I-silicone polymer system were compared. 


High-pressure Liquid Chromatography System-HPLC analysis 
of I in diffusion samples of phosphate buffered saline solution or cell 
culture medium was sensitive enough for the diffusion study and provided 
rapid, quantitative results. The results shown in Fig. 1 show a typical 
HPLC chromatogram of I in diffusion sample. Retention time of I was 
5.0 min. Injection with several possible degradation products such as 
inosine, xanthine, or hypoxanthine showed no interference with I. These 
possible degradation products had retention times <5.0 min. 


The released concentration of I in 100 ml of phosphate buffered saline 
solution was -1-3 pg/ml. The standard curve for I was linear over the 
concentration range of 0.2-30 pg/ml. The correlation coefficient for the 
standard curve was 0.99 (n = 7). Standard solution injected a t  each time 
of diffusion sample assay showed no significant deviation from the 
standard curve during a set of experiments. 


Since the total volume of cell culture medium was 5.0 ml, the concen- 
tration of I in the sample was high enough to change the detector sensi- 
tivity 0.5 aufs. The cell culture sample was filtered through cellulose filters 
before the injection on the HPLC column. The loss of I due to the fil- 
tration procedure was found to be negligible. The residual culture base 
peaks appeared close to the solvent. 


Release of I from Silicone Polymer Matrix-Release time profiles 
of I were obtained with different loading doses on the same size silicone 
polymer sheets, each having an exposed surface area of 12.0 cm2 and 0.35 
& 0.05 mm thick. All the experimental data were analyzed according to 
Eq. 1 (13, 14) on the basis of the diffusion controlled transport in a 
polymer matrix: 


Q = [D(2A - Cs)C,t]1'2 (Eq. 1) 


where Q is the cumulative amount of drug released per unit area of de- 
vices (g/cm2) at time t ,  A is the amount of drug dispersed in a unit volume 
of device (g/cm3), D is the diffusivity of the drug in the matrix, and C, 
is the solubility of the drug in the matrix phase. Based on Eq. 1, the cu- 
mulative amount of drug released (Q) from unit area should increase 
linearly with the square root of time. 


l1 Varian 5020, Varian Instrument Co., Palo Alto, Calif. 
l2 Micropak MCH-lO(30 X 0.4 cm i.d.), Varian Instrument Co., Palo Alto, 


l3 HPLC grade, Fisher Scientific Co., Fair Lawn, N.J. 
l4 UV-50, Varian Instrument Co., Palo Alto, Calif. 


Calif. 
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Table 11-Antileukemic Effect of W-( A2-1sopentenyl)adenosine 
against Cultured L-1210 Leukemic Cells within 24 h r  Using a n  
Optimized Silicone Polymeric Delivery System 


Time after Addition of 
I-Silicone Polymer Device 


Concentra- Concentra- 
tion Change in tion Change in 


of I in Total Cell of I in Total Cell 
Culture Num- Culture Num- 


Medium b, bere, Medium, ber, 
Experimental pg/ml % pglml % 


Seriesa 4 hr 24 hr 


A (control) 0 +22.4b 0 +130.6 
B (46 mg I/235-mg 230 -37.2 350 -83.6 


C (92 mg L/470-mg 325 -56.1 456 -98.1 
silicone device; 8 cm2) 


silicone device; 16 
cm2) 


a Each T-flask contained 5 ml of growth medium containing RPMI 1640 plus 
10% FCS, L-1210 cells, and I-silicone polymer; cultures were conducted in duplicate. 


Performed using HPLC. Initial numbers of cells were 2 X lo5 f 5% per ml of 
growth medium. 


Figure 2 shows the plots of Q uersus t and Q versus t 112 obtained from 
I-silicone sheet containing 3% I. The release rate of drug decreased with 
time. The linear relationship between Q and t1I2 was observed as ex- 
pected. All other systems showed this type of release pattern. However, 
at the high loading dose, the Q versus t112 plot showed intercept values 
on Q axis. The intercept value increased with increased loading dose. This 
may be due to the rapid release of drug deposited on the surface of the 
devices. Such a rapid initial drug release was reported previously (15). 


The prediction of optimum loading dose in silicone polymer devices 
to get the effective minimum concentration of I in culture medium was 
attempted. The slope of Q versus t112 is defined as: 


Q / t l / z  = [D(2A - C,)Cs]1/2 


Q/tllz = ( 2 0  CS)lI2 All2 


(Eq. 2) 


(Eq. 3) 


In the case where 2A >> C,, Eq. 2 may be written as: 


indicating the linear relationship of Q/t112 uersus A l12. Experimentally, 
this linear relationship was observed as shown in Fig. 3. The slope, (20  
CS)lI2 was calculated as 0.0482 with a linear coefficient of 0.986. The ratio 
of the matrix device volume to its weight was 0.85 f 0.05. By relating this 
factor to Fig. 3, the approximate loading dose for the optimum concen- 
trations of I to be released from a device was calculated. 


Antineoplastic Effects of I Against L-1210 Mouse Lymphocytic 
Leukemic Cells-In preliminary experiments to assess the effectiveness 
of the silicone polymeric delivery system for releasing low concentrations 
of I certain salient features were uncovered. The I-silicone device initially 
containing 5 mg of I gave approximately the same concentration after 
24 hr as adding I directly; the I-silicone system showed -38% inhibition 
compared to -65% for the direct addition method. On the other hand, 


the cytotoxic effects of the I-silicone system against L-1210 cells was 
comparable within 48-72 hr. At 72 hr, at the highest concentration of cells 
used (Fig. 4C), the pattern was reversed, with the I-silicone system be- 
coming the more inhibitory of tfie two. In these experiments (and those 
depicted in Tables I and II), inhibition of cells in fresh medium appeared 
to be more permanent or irreversible for cells in cultures where I was 
introduced in the form of I-silicone. In contrast, those cells surviving the 
direct addition of I allowed for the recovery of viable cells when propa- 
gated in fresh medium. This suggested that the exposure time of L-1210 
cells to I, which is limited directly to the timing of its release, is important 
with respect to the permanency of inhibition. This conclusion was sup- 
ported by data presented in Tables I and I1 where at  higher I-silicone 
concentration (92 mg/470 mg), inhibition was virtually complete (98.1%). 
The few surviving cells were deformed, did not exclude trypan blue dye, 
and did not transfer successfully to fresh medium. This inhibition level 
was not achievable with any concentration of I using the direct addition 
method. Recently, the National Cancer Institute group concluded that 
the pharmacokinetics of drug release and exposure time is important for 
another adenosine analog, sangivamycin, against Sarcoma-180 (16). 


These data suggest that although comparable concentrations of I may 
be achieved using direct addition, the I-silicone delivery technique ap- 
pears to produce a timed, controllable, and sustained release which op- 
timizes inhibition by I against L-1210 lymphocytic leukemia. The use 
of the polymeric delivery systems with other antitumor agents, especially 
where enzyme degradation or inactivation of the drug is possible, may 
offer a better means of administering labile drug agents. 
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R' = alkyl 
I1 


alkyl-3-methyltriazenes were reported previously (2, 3). 
The triazenes were tested against T. rhodesiense (Well- 
come CT strain) in the mouse (ICR/HA Swiss) (4). Test 
and control mice were 6 weeks old and weighed 28-30 g. No 
differences in response between male and female mice have 
been reported. Each mouse was infected with an intra- 
peritoneal injection of 0.05 ml of a 1:50,000 dilution of 
heparinized heart blood drawn from donor mice infected 
3 days earlier. 


Drugs were administered subcutaneously as a single dose 
in peanut oil 2 hr after injection. Untreated mice died be- 
tween 4.2 and 4.5 days after injection. Surviving animals 
were observed for 30 days and mice surviving after this 
time were considered cured. The surviving mice were not 
checked for parasitemia. Test data are given in Table I. 
The activities of some of the compounds against Sar- 
coma-180 in the mouse are also included. 


The activities reported in Table I suggest that triazenes 
have curative effects against T. rhodesiense in mice. 
However, high doses are required to produce these effects. 
It has been suggested that similarities exist between some 
metabolic pathways of the predominant bloodstream form 
of the African trypanosome and tumor cells (5) and it was 
shown that a number of anticancer agents are active 
against T. rhodesiense (6). This correlation was also sug- 
gested by the data in Table I when a comparison was made 
of those activities for the compounds on which both types 
of data were determined. Compounds 2 and 4 are active in 
both test systems. Compounds 1 and 3 also were reported 


Table I-Activity of I1 against 2'. rhodesiense Infection in  Mice 


Dose, Antitry- 
mgkg  panosomal Anticancer 


R R' ip Activity" Activityb 


4 


10 
11 
12 


13 
14 


p-COOH CH3 


m-COOH CH3 
p-NHCO- CH3 


CH3 


p-NOz CH3 


-COOH 
p-COOH 


p -COOH 
p-COOH 


424 415 
424c 515 
424 115 3.01d 
424 215 


212 115 
424c 215 
424 315 
212 115 
424c 
424 
424 
424 
424 
424 
424 
424 
424 


315 
Inactive 
Inactive 
Inactive 
Inactive 
Inactive 
Inactive 
Inactive 
Inactive 


3.43d 


Inactive 
3.1se 
3 .16e  


Inactive 
3.25e 


Inactivee 
Inactivee 
Weakly 
active' 


p-CN C H ~ C ~ H ~ - P - C H ~  424 Inactive Inactivee 
p-CN CHzC6H4-p-CI 424 Inactive Inactivee 


Cures per five treated animals. * Activity is given as -log C; C is the moles/kg 
required to give an increase life span of 130% of control. Tumor was S-180 in the 
mouse. Duplicate. From reference 2. From reference 3. 


to be active against murine leukemia L-1210 in the mouse 
while the p-phenyl analog of I1 (compound 5) is inactive 
against T. rhodesiense, S-180, and L-1210 (7). 


The exact mechanism of the anticancer action of the 
trianzenes is not known but it is known that the 3,3-di- 
alkyltriazenes undergo extensive metabolic N-dealkylation 
to produce alkylating intermediates (8). This metabolic 
pathway to activation could be host-mediated or it could 
also be present in the African trypanosome and be involved 
in the mechanism of action of the triazenes against this 
parasite. The antitrypanosomal activities of triazenes are 
being studied further. 
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Comparison of Equilibrium Times in Dialysis 
Experiments Using Spiked Plasma or 
Spiked Buffer 


Keyphrases 0 Equilibrium dialysis-comparison of spiked plasma and 
spiked buffer Ul Protein binding-effect of spiked plasma and spiked 
buffer on equilibrium dialysis 


To the Editor: 
When the plasma protein binding of a drug is to be de- 


termined using equilibrium dialysis in uitro, the drug can 
be added to either the buffer side or the plasma side of a 
dialysis cell. Adding drug to the plasma will dilute the 
plasma proteins if the drug has to be added as a solution. 
Adding the drug solution to the buffer avoids this diffi- 
culty. However, the approach to equilibrium is slower when 
the buffer is spiked than when the plasma is spiked. Under 
conditions where the equilibrium conditions can change 
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with time, as is seen with quinidine (l), it is important to 
realize the difference in the time to approach equilibrium 
between adding drug to plasma and buffer. 


For the following discussion, the associating and disso- 
ciation rates are assumed to be fast in comparison to the 
diffusion across the dialysis membrane. Furthermore, it 
is also assumed that there is the same volume V on both 
sides of the dialysis membrane, and no net flux of water 
takes place. In addition, the rate of transfer across the 
membrane is assumed to be covered by a clearance term 
C ~ T ,  which is the same in both directions, and the unbound 
concentration on each side. The binding is assumed to be 
linear and no net loss of drug occurs during dialysis. 


The rate of change in the buffer side can be expressed 
by: 


(1) T. W. Guentert and S. 0ie, J .  Pharm. Sci., in press. 
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Stability of Heparin and Other Fractions of 
Glycosaminoglycan Sulfates in Human  
Digestive Juices 


where AB is the amount on the buffer side, a is the un- 
bound fraction in plasma, c, the buffer concentration, and 
cP the plasma concentration Of drug* The rate Of change 
in the plasma side is expressed by: 


Keyphrases 0 Heparin-stability in human digestive juices 0 Gly- 
cosaminoglycan sulfates-stability in human digestive juices 0 Ab- 
sorption, intestinal-stability of heparin and glycosaminoglycan sul- 
fates 


where A, is the amount on the plasma side. 


concentration on the buffer side is then described by: 
When the drug initially is placed on the plasma side, the 


(Eq. :3) 


where t is time, CO initial concentration, and k~ the ratio 


When the drug initially is placed on the buffer side, the 
CZT/V. 


buffer side concentration is described by: 


In both cases the concentration approaches the equi- 
librium concentration (CO a) / ( l  + a)  when t - a. One can 
determine from Eqs. 3 and 4 the time that is needed to 
reach a value that is only a fraction, 6, away from the 
equilibrium concentration; i.e., the time required to reach 
a buffer concentration of [(CO a)/(l  + a)] (1 - 6) if the drug 
is placed initially on the plasma side and [ (Co a)/l  + a] (1 + 6) if it is placed initially on the buffer side. The ratio of 
the times to reach these concentration is then: 


where t ,  and tB are the times to reach equilibrium whe.n 
the drug is initially added to the plasma and buffer side, 
respectively. Cancelling the common terms gives: 


tg l n 6 + l n a = 1 t -  In a 
t, In 6 In 6 R = - =  (Eq. 6) 


Equation 6 indicates that the closer to the true equi.- 
librium value one wants to be, the closer the ratio is to 
unity. The stronger the binding and the larger the devia.- 
tion from the true equilibrium concentration, the greater 
the advantage of spiking the plasma side. 


To the Editor: 
The oral administration of heparin has been a subject 


of controversy (1) because of its uncertain absorption in 
the GI tract and its stability in digestive juices. Its N-sul- 
fate groups are easily hydrolyzed in an acidic medium, with 
consequent impairment of biological activity. Some au- 
thors (2) also affirmed that intestinal flora degrades and 
metabolizes heparin. 


However, according to recent studies (3,4), some frac- 
tions of glycosaminoglycan sulfates, strictly correlated to 
heparin, exerted antithrombotic and hypolipidemic ac- 
tivities after oral administration. Furthermore, it was 
proved that intestinal absorption took place when some 
fractions of glycosaminoglycan sulfates, labeled with flu- 
orescein ( 5 ) ,  were administered intraduodenally (6). 


Special excipients to suppress ionization of the func- 
tional groups of glycosaminoglycan sulfates and, thus, to 
promote their GI absorption (7) were studied. It was found 
that, if biopolymer is administered in micellar suspension 
with monoolein and bile salts, the intestinal absorption of 
heparin greatly increases with increasing mucosa perme- 
ability (8). For example, the rectal administration to rats 
of heparin and other glycosaminoglycan sulfates in a 2- 
mg/kg dose in an oily emulsion prolonged the time of 
coagulation; only 1 mg/kg, administered by the same route, 
activated the lipoprotein lipase-inducing system (9). 


To evaluate if and to what extent human digestive juices 
can degrade glycosaminoglycan sulfates, we investigated 
the stability and biological activity of heparin and a stan- 
dardized mixture1 of fractions of glycosaminoglycan sul- 
fates, containing a heparin-like substance with a low mo- 
lecular weight and condroitin sulfate B, in cat and human 
gastric and duodenal juices. 


Glycosaminoglycan sulfates and heparin were incubated 
at  concentrations of 190 and 238 USP/ml, respectively, for 
up to 3 hr in digestive juices2 at  37". To evaluate the in- 


Sulodexide. 
Gastric juice of the cat was obtained by a Heidenhain gastric pouch. Human 


gastric juice was obtained from a probe of five volunteers who had previously been 
given an injection of 3 U of cholecystokinin kghr iv. 
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essential oils and flavoring compounds is also new to this edition. Spec- 
ifications for flavor aromatics and isolates are now given in clear t.abular 
form. 


In the area of policy, the new edition contains a set of guidelines for 
“good manufacturing practice” developed by the Committee on Codex 
Specifications. 


Officially, the Codex is recognized by the Food and Drug Adminis- 
tration which adopted certain Codex specifications in 1971. 


This book is essential to anyone working in the areas of food science 
and technology, quality control, and good research. More than 600 sci- 
entists from a variety of disciplines contributed to this work as well as 
many trade associations and professional societies. 


Purchasers of this edition are entitled to receive three supplements 
to the Codex, included in the purchase price. 


Staff Reuieiu 


Textbook of Biopharmaceutic Analysis. By R. V. SMITH and d. T. 
STEWART. Lea & Fehiger, 600 Washington Square, Philadelphia, 
PA 19106.1981.308 pp. 18 X 25 cm. Price $25.00 (Canada $30.00) 
To better prepare the practitioner for anticipated new roles in the 


delivery of health case, pharmaceutical education has evolved from a 
product oriented emphasis to a clinically oriented one. This change has 
given rise to such courses as biopharmaceutics, clinical pharmacy, and 
clinically oriented clerkships and externships. In addition, it often has 
necessitated the restructuring ofthe traditional basic science courses in 
order to provide a more adequate background for the clinical sciences. 
This textbook treats those aspects of analytical chemistry, analytical 
microbiology and biochemistry, and drug assay that concern the devel- 
opment and application of procedures for the determination of drugs and 
their metabolites i n  the biological fluids. This volume appears to be the 
first attempt to provide such a body of knowledge in textbook form for 
utilization in the pharmacy curriculum. 


This book is divided into three sections: “Defining the Problem,” “The 
Separation Step,” and “The Measurement Step.” This sequence is based 
on the approach that one would presumably follow in developing a 
methodology for the determination of a drug or its metabolites in bio- 
logical fluids. The first sect ion presents relevant background material, 
covers the development of methods for determining t.race levels of me- 
dicaments in biological fluids, and deals with the procurement and 
characterization of reference standards. While three sources of reference 
standards are mentioned, unfortunately, the United States Pharmaco- 
peial Convention has been overlooked. 


The second section reviews the major separation and purification 
techniques including liquid-solid extraction, liquid-liquid extraction, 
partition coefficient, ion-pairing procedures, and the major chromato- 
graphic methods, i .r . ,  TLC, GC, HPLC, gel permeation, and ion-exchange 
chromatography. 


The third section covers techniques for measurement and encompasses 
10 chapters. Separate chapters are devoted to the following topics: sta- 
tistical treatment of data, treatment of chromatographic data, UV-visible 
absorption and emission spectrophotometry, fluorimetry and phospho- 
rimetry, electroanalytical methods, radiochemical methods, immunoassay 
techniques (RIA, EMIT, HI, SLFIA, and spin immunoassay), microbi- 
ological assay methods, enzymatic analysis, and a very brief concluding 
chapter on the method of selecting the appropriate analytical procedure 
for a particular situation. An array of pertinent literature references is 
provided at  the end of each chapter along with a series of learning ob- 
jectives to assist the student in reviewing the chapter content. Additional 
recommended readings are presented for more advanced students. 


This text is written in a lucid manner, is well-organized, and the in- 
formation is presented in a logical format. While the content ofthis book 
may be presented as a separate course offering, the subject matter may 
be more appropriately covered as segments in those courses where the 
basic concepts are taught. or it may possibly be included as a component 
of one of the clinical science courses. This material is important and serves 
well as a bridge between the clinical sciences and the basic pharmaceutical 
sciences. It merits consideration in the pharmaceutical curriculum. 


Reuiewrd by Martin I. Blake 
(lniurrsity of Illinois 
College of Pharmacy 
Chicago, I L  60612 


Pharmacognosy, 8th edition. VARRO E. TYLER, LYNN R. BRADY, 
and JAMES E. ROBBERS. Lea & Febiger, Philadelphia, PA 19106. 
1981.520 pp. 18 X 25 cm. Illustrated with Numerous chemical struc- 
tures, figures and photographs. Price: $31.50 U.S., $37.75 Canada. 
This modern pharmacognosy text is all-inclusive and deals with drugs 


of natural origin that make up close to 50% of all medicinals currently 
employed. It has been the standard textbook of pharmacognosy in the 
U.S. for a number of years, and is the only one which has been periodically 
updated. It provides a systematic and comprehensive review of plant and 
animal drugs in a biochemical classification system. Major chapter titles 
include, general introduction, carbohydrates and related compounds, 
glycosides and tannins, lipids, volatile oils, resins, steroids, alkaloids, 
peptide hormones, enzymes, vitamins, antibiotics, biologicals, allergens 
and allergenic preparations, poisonous plants, and a new section entitled, 
herbs and “health foods”. Several obsolete drugs and references have been 
deleted and new materials added where appropriate. Many of the 
chemical structures have been redrawn to reflect appropriate steric 
configurations. New prescription products as examples of the various 
drugs have been added as required. 


In general, the new edition has retained the flavor of the previous ones 
with much updating. The chapter on herbs and “health foods” is a wel- 
come addition to a subject that has gained popularity in recent years. This 
chapter has wisely divided the literature references into two groups, eg.,  
authoritative and advocacy literature. This will help the pharmacist and 
others who use it, to determine whether the references their patients use 
are good or bad since self medication with herbs and teas has become 
common. However, several excellent recent references on the hazards of 
herbal teas and ginsing tea analysis have been omitted, and should be 
included in the next edition. As a constructive criticism, more recent key 
journal articles and reviews also should be included in the chapter ref- 
erences. This edition is really top-heavy with text references. Since text 
references tend to be dated by publication time, this policy detracts from 
access to recent literature and the usefulness of the book. This text is a 
must for all pharmacists. 


Reviewed by Ara Der Marderosian 
Professor of Pharmacognosy 
Philadelphia College of 


Pharmacy and Science 
Philadelphia, PA 19104 
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Viscosity Change after Dilution with Solutions of 
Water-Oil-Water Emulsions and Solute 
Permeability Through the Oil Layer 
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Abstract A water-in-oil-in-water (W/O/W) multiple phase emulsion 
was prepared by a two-step emulsification procedure. The oil phase 
consisted of paraffin oil and sorbitan monooleate. The inner aqueous 
phase and the outer aqueous phase were 0.5% glucose solution and 3% 
polysorbate 80 solution, respectively. Viscosity measurements were 
carried out on the W/O/W emulsion after diluting it with a number of 
solutions. A given sequence for the solutes that would increase the 
emulsion viscosity after dilution was determined. This sequence was 
identical with that obtained with the solutes in an independent perme- 
ability experiment using a planar membrane composed of sorbitan 
monooleate alone. As a result, i t  was suggested that solutes as well as 
water can permeate the oil layer of vesicles of the emulsion to change the 
vesicle volume, thereby causing a change in the emulsion viscosity. 


Keyphrases 0 Emulsions-water-oil-water, viscosity change after 
dilution with solutions, permeability through the oil layer Perme- 
ability-solutes, through oil layer of water-oil-water emulsions 0 Vis- 
cosity-changes, water-oil-water emulsions after dilution with solu- 
tions 


Recently, a great deal of work has been done on prepa- 
ration methods and applications of water-in-oil-in-water 
type multiple phase emulsions (denoted hereafter as 
W/O/W emulsions). Matsumoto et al. (1-3) reported a 
systematic procedure for the preparation of W/O/W 
emulsions. I t  was shown that an anticancer agent is local- 
ized at  the cancer site for prolonged periods when admin- 
istered in the form of a W/O/W emulsion, with the drug 
dissolved in inner aqueous phase (4-8). The application 
of W/O/W emulsions in foods (9) and cosmetics (10) also 
has been described. 


In the application of W/O/W emulsions, it is necessary 
to estimate their stability experimentally. Viscosity has 
been claimed as a convenient method to determine sta- 
bility (11). Although the viscosity of W/O/W emulsions is 
affected by a number of factors, the most important is the 
osmotic pressure gradient between the inner aqueous 
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Figure 1-Viscosity change of W/O/W emulsion after dilution with 
water. 


SECONDS 


phase and the outer aqueous phase. This may produce 
changes in the volume of the inner aqueous phase due to 
the migration of water and/or solutes through the oil layer. 
In fact, the initial viscosity rise of some W/O/W emulsions 
on aging was explained by assuming the permeation of 
water containing a solute through the oil layer, from the 
outer aqueous phase to the inner aqueous phase due to the 
osmotic pressure gradient between the two phases (12). 
The present study will try to show that the viscosity change 
of W/O/W emulsions after dilution with solutions is in- 
terpreted more reasonably by assuming that solutes as well 
as water can permeate the oil layer. 


EXPERIMENTAL 
Preparation of W/O/W Emulsions-The W/O/W emulsion was 


prepared by a two-step emulsification procedure according to Matsumoto 
et al. (I) .  Sorbitan monooleatel (8 g) and liquid paraffin2 (10 g) were 
mixed thoroughly in a 100-ml beaker with a pin-mixer3. The stirring bar 
of the mixer was two six-pin blades which were fixed in a pile with a 
stainless steel bar. The rotation speed was maintained at  196 rpm by a 
constant speed stirrer4. As the mixture was being stirred, 30 ml of 0.5% 
(w/v) aqueous glucose solution was added slowly into the beaker at  a 
constant rate. Addition of the glucose solution was controlled at  a 3 
ml/min rate by a pump5. The W/O emulsion formed was then stirred for 
10 more min. It took 100 min for the first emulsification. 


Thirty-five grams of the newly prepared W/O emulsion was dispersed 
into 35 ml of 3% aqueous solution of polysorbate 80 using a homogenizer. 
The blade was a part of another homogenizer7, and consisted of a fixed 
outer blade and an inner rotatable blade. The viscous W/O emulsion was 
torn and dispersed when passed through the narrow gap between the 
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Figure 2-Viscosity changes of W/O/W emulsion after dilution with 
aqueous potassium chloride solutions. Key: 0 ,  water; 0, M; and 
0, M. 


* Tokyo Kasei Co., Tokyo. 
Kokusan Chemical Works, Tokyo. 
National Mfg. Ltd., Lincoln, Neb. 
Tokyo Rikakikai Co., Tokyo. 
Kuramochi Kagaku Kikai Mfg. Ltd., Tokyo. 
Nikko Chemicals Co., Tokyo. 


7 Polytron PCU-2, Kinematica Co., Basel, Switzerland. 
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Figure 3-Viscosity changes of WIOIW emulsion after dilution with 
aqueous sucrose solutions. Key: 0 , l  X M; m, 4 X 


blades. The blade was connected to the constant speed stirrer used in the 
first emulsification since slow rotation was necessary. The rotation speed 
was set a t  324 rpm and it took -10 min to complete the second emulsi- 
fication. The W/O/W emulsion prepared was denoted Sample A. 


Viscometry of WIOIW Emulsion-The viscosity of W/O/W emul- 
sions was measured with a capillary viscometers in a constant tempera- 
ture water bath maintained a t  25 f 0.1'. The time course was started at 
the time of Sample A dilution with water or an aqueous solution. The 
measurement time was taken as the average of the start and finish time 
of each liquid addition. All diluents were kept a t  25' beforehand. As the 
ratio of diluent volume to Sample A weight was not constant for all runs, 
it is noted where necessary. 


P l ana r  Membrane Experiment-To determine if solutes can mi- 
grate through the oil layer, the following planar membrane experiment 
was done using an apparatus consisting of two acrylic chambers separated 
by a millipore filterg to which sorbitan monooleate was applied. Sorbitan 
monooleate acts not only as a W/O emulsifying agent, but as water sol- 
ubilizer in oil. Liquid paraffin was omitted because it made the applied 
liquid easy to detach from the millipore filter. The millipore filter was 
compatible with the surfactant without swelling or dissolving. Its 
thickness was measured as 150 pm. The diameter of the diaphragm was 
2.5 cm, and therefore the membrane area was 4.91 cm2. Water and a so- 
lution (200 ml each), were placed in the two cells, respectively, and the 
whole apparatus was immersed in a thermostated water bath (30'). Since 
the cells were clear and transparent after each run, sorbitan monooleate 
was probably not removed from the millipore filter. 


Fluxes for electrolytes were measured with a conductance meter 
equipped with platinum electrodes immersed in the water in one of the 
cells. In the conductometry, it was necessary to keep room temperature 
a t  19 f 1' throughout the measurement to obtain reproducible data. 
Measurements were taken every 30 min. 'Conventional colorimetric 
methods were employed for determining the fluxes of nonelectrolytes. 
Every hour, 3 ml of sample was withdrawn and then an equal volume of 
water previously kept at  30' was added to the cell to prevent hydrostatic 
pressure differences from being created. 


M; 0 , 2  X 
M; and 0 , 6  X M. 
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Figure 4-Viscosity changes of WIOIW emulsion after dilution with 
ayueousglucose solutions. Key: 0 , 1  X M; ., 4 X 
1 W 3  M; and 0 , 6  X 


M; 0 , 2  X 
M. 


I I I Ib 1000 2000 3000 
SECONDS 


Figure  5-Viscosity changes of WIOIW emulsion after dilution with 
a variety of aqueous solutions. Key: ., water; a, 2 X M urea; 6, 


Mglucose; and 0,213 X M KSCN; 0, M KC1; .,2 X 
IO-' M CaC12. 


RESULTS AND DISCUSSION 


Figure 1 shows the viscosity change with time for a WIOIW emulsion 
after dilution with water, in which the ratio of Sample A weight to diluent 
volume was 1:l. 


The viscosity increased with time to a maximum and then decreased 
monotonically. A similar viscosity change was obtained even with the 
original emulsion. Matsumoto and Kohda (2) also reported this type of 
viscosity change for their WIOIW emulsions, the inner and outer aqueous 
phases of which were glucose solution and water, respectively. This vis- 
cosity change was ascribed to the volume change of vesicles in the WIOIW 
emulsions (2). To deal with this phenomenon quantitatively, an appro- 
priate equation which correlates the relative viscosity to the volume 
fraction of vesicles should be known. However, it is impossible to deter- 
mine an equation that would be appropriate, since the volume fraction 
changes on aging from the time of preparation and also changes on 
dilution. Hence, the volume change of vesicles in W/O/W emulsions can 
only be estimated qualitatively by means of viscometry, light scattering 
measurement, photomicroscopy, etc. For example, vesicle swelling after 
dilution of the original sample was confirmed by photomicroscopy. 
Similar observations were reported for a waterln-heptanelwater emulsion 
(13). 


Figures 2-4 show viscosity changes caused by dilution with aqueous 
potassium chloride, sucrose, and glucose solutions of various concen- 
trations, respectively. In these cases the ratio of Sample A weight to dil- 
uent volume was 1:4. 


The rate of viscosity change decreases with increasing concentration 
of solute in the diluent, and the viscosity falls even below its initial value 
when the emulsion is diluted with M potassium chloride. These 
findings may be explained by the osmotic pressure difference between 
the inner aqueous phase and the outer aqueous phase as suggested pre- 
viously (12, 14). The oil layer of vesicles in the W/O/W emulsion has a 
permeability to water, and the amount and direction of water move.ment 
depend on the osmotic pressure gradient. Figure 5 shows the viscosity 
change produced by dilution with a variety of aqueous solutions which 
have identical 7r values in the equation: 


K = zcRT (Eq. 1) 
where A is osmotic pressure, c is the concentration of solute, R and T are 
the usual gas constants, and z is an integer which is 1 for nonelectrolytes, 
2 for uni-univalent electrolytes, and 3 for calcium chloride. The ratio of 
Sample A weight to diluent volume is 1:4. The equation gives the osmotic 
pressure of the outer aqueous phase when the oil layer has ideal semi- 
permeability to the solute. 


Urea and potassium thiocyanate increase viscosity, while potassium 
chloride, glucose, and calcium chloride decrease it. This suggests that  
solutes which produce a greater increase in viscosity contribute to  a 
smaller degree to the osmotic pressure of the outer phase. In other words, 
these latter solutes can more or less permeate the oil layer. Therefore, 
the permeability sequence for the solutes is: urea > potassium thiocyanate 
> potassium chloride > glucose > calcium chloride. 


Tanaka and coworkerslO found a dependency of WIOIW emulsion 


Ostwald type. 
Type GSWP 02500. 10 Personal communication. 
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Table I-Permeability Coefficients Evaluated from Planar 
Membrane Experiments 


Permeability Coefficient (30°), 
Solute cmlsec x 109 


Urea 440 
Potassium thiocyanate 21.9 
Cesium chloride 3.76 
Rubidium chloride 2.84 
Potassium chloride 2.37 
Sodium chloride 2.19 
Lithium chloride 1.77 


viscosity at  the time of preparation on the species of solute enclosed in 
the inner aqueous phase. For example, potassium chloride shows a much 
higher viscosity than potassium thiocyanate. Although it was suggested'O 
that potassium thiocyanate prevents formation of W/O/W to give a lower 
viscosity, this can also be explained in terms of the permeability differ- 
ence between the two salts. Since potassium thiocyanate, which is more 
permeable than potassium chloride, would contribute to the osmotic 
pressure of the inner aqueous phase less than potassium chloride, there 
would be less movement of water from the outer to the inner aqueous 
phase, thus giving a lower viscosity. 


Table I lists the permeability coefficients calculated for some solutes 
from the fluxes determined in the planar membrane experiment. The 
sequence of permeability coefficient values in the table is identical with 
that obtained in the viscometry of the W/O/W emulsion. Furthermore, 
the absolute values of the permeability coefficient for sodium chloride 
and urea are in good agreement with those obtained with phospholipid 
bilayer membranes (15, 16). The sequence for alkali chlorides is also 
identical with that obtained with the lipid bilayers (15). 


It would be reasonable to conclude that solutes can permeate the oil 
layer of vesicles in the W/O/W emulsion, probably due to a large total 
surface area of the vesicles, even though there is a considerable difference 
in composition between the oil layer and the planar membrane. Water 
would act as the carrier of solutes across the oil layer, presumably in the 
solubilized form. 


Matsumoto et al. (1) proposed to measure the yield of W/O/W emul- 
sion by a dialysis method. That is, when the emulsion containing a solute 
in the inner aqueous phase is dialyzed against distilled water, the con- 
centration of the solute in the water should correspond to the yield. 
However, if the solute can permeate the oil layer of vesicles in the emul- 
sion, there is no way to distinguish the solute diffused from the inner 


aqueous phase from the solute that leaked out as a result of vesicle de- 
struction. The dialysis method cannot give correct yield. Moreover, if a 
high solute concentration in the water and a low emulsion viscosity are 
found (as in the case where a highly permeable solute is used) it could be 
incorrectly concluded that the solute has prevented the formation of a 
WIOIW emulsion. 
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Abstract Two ion-chromatographic procedures were developed for 
determining the principal inorganic ions in bulk antibiotic salts. The 
anion system enables sulfate determination in sulfate salts of polymyxin, 
neomycin, streptomycin, and dihydrostreptomycin, with typical analysis 
times of8 min/sample and a relative precision of f2% (95% confidence 
interval). The cation system is applicable to sodium or potassium 
in the respective penicillin salts in 9-16 min with a relative precision of 
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f2.5%. These methods offer speed, specificity, and easy sample prepa- 
ration compared with traditional assays. 


Keyphrases 0 Ion chromatography-determination of inorganic ion 
in bulk antibiotic salts 0 Antibiotics-determination of inorganic ion 
in salts using ion chromatography Inorganic ion-determination in 
salts Of various antibiotics by ion chromatography 


Bulk antibiotic salts can be characterized by the deter- 
mination of their principal components for the purposes 
of quality assurance. An accurate assay is required for both 


the pharmacologically active organic ion and the inorganic 
counterion. For the organic moiety, many specific chro- 
matographic assays (1) are applicable to bulks. However, 
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essential oils and flavoring compounds is also new to this edition. Spec- 
ifications for flavor aromatics and isolates are now given in clear t.abular 
form. 


In the area of policy, the new edition contains a set of guidelines for 
“good manufacturing practice” developed by the Committee on Codex 
Specifications. 


Officially, the Codex is recognized by the Food and Drug Adminis- 
tration which adopted certain Codex specifications in 1971. 


This book is essential to anyone working in the areas of food science 
and technology, quality control, and good research. More than 600 sci- 
entists from a variety of disciplines contributed to this work as well as 
many trade associations and professional societies. 


Purchasers of this edition are entitled to receive three supplements 
to the Codex, included in the purchase price. 


Staff Reuieiu 


Textbook of Biopharmaceutic Analysis. By R. V. SMITH and d. T. 
STEWART. Lea & Fehiger, 600 Washington Square, Philadelphia, 
PA 19106.1981.308 pp. 18 X 25 cm. Price $25.00 (Canada $30.00) 
To better prepare the practitioner for anticipated new roles in the 


delivery of health case, pharmaceutical education has evolved from a 
product oriented emphasis to a clinically oriented one. This change has 
given rise to such courses as biopharmaceutics, clinical pharmacy, and 
clinically oriented clerkships and externships. In addition, it often has 
necessitated the restructuring ofthe traditional basic science courses in 
order to provide a more adequate background for the clinical sciences. 
This textbook treats those aspects of analytical chemistry, analytical 
microbiology and biochemistry, and drug assay that concern the devel- 
opment and application of procedures for the determination of drugs and 
their metabolites i n  the biological fluids. This volume appears to be the 
first attempt to provide such a body of knowledge in textbook form for 
utilization in the pharmacy curriculum. 


This book is divided into three sections: “Defining the Problem,” “The 
Separation Step,” and “The Measurement Step.” This sequence is based 
on the approach that one would presumably follow in developing a 
methodology for the determination of a drug or its metabolites in bio- 
logical fluids. The first sect ion presents relevant background material, 
covers the development of methods for determining t.race levels of me- 
dicaments in biological fluids, and deals with the procurement and 
characterization of reference standards. While three sources of reference 
standards are mentioned, unfortunately, the United States Pharmaco- 
peial Convention has been overlooked. 


The second section reviews the major separation and purification 
techniques including liquid-solid extraction, liquid-liquid extraction, 
partition coefficient, ion-pairing procedures, and the major chromato- 
graphic methods, i .r . ,  TLC, GC, HPLC, gel permeation, and ion-exchange 
chromatography. 


The third section covers techniques for measurement and encompasses 
10 chapters. Separate chapters are devoted to the following topics: sta- 
tistical treatment of data, treatment of chromatographic data, UV-visible 
absorption and emission spectrophotometry, fluorimetry and phospho- 
rimetry, electroanalytical methods, radiochemical methods, immunoassay 
techniques (RIA, EMIT, HI, SLFIA, and spin immunoassay), microbi- 
ological assay methods, enzymatic analysis, and a very brief concluding 
chapter on the method of selecting the appropriate analytical procedure 
for a particular situation. An array of pertinent literature references is 
provided at  the end of each chapter along with a series of learning ob- 
jectives to assist the student in reviewing the chapter content. Additional 
recommended readings are presented for more advanced students. 


This text is written in a lucid manner, is well-organized, and the in- 
formation is presented in a logical format. While the content ofthis book 
may be presented as a separate course offering, the subject matter may 
be more appropriately covered as segments in those courses where the 
basic concepts are taught. or it may possibly be included as a component 
of one of the clinical science courses. This material is important and serves 
well as a bridge between the clinical sciences and the basic pharmaceutical 
sciences. It merits consideration in the pharmaceutical curriculum. 


Reuiewrd by Martin I. Blake 
(lniurrsity of Illinois 
College of Pharmacy 
Chicago, I L  60612 


Pharmacognosy, 8th edition. VARRO E. TYLER, LYNN R. BRADY, 
and JAMES E. ROBBERS. Lea & Febiger, Philadelphia, PA 19106. 
1981.520 pp. 18 X 25 cm. Illustrated with Numerous chemical struc- 
tures, figures and photographs. Price: $31.50 U.S., $37.75 Canada. 
This modern pharmacognosy text is all-inclusive and deals with drugs 


of natural origin that make up close to 50% of all medicinals currently 
employed. It has been the standard textbook of pharmacognosy in the 
U.S. for a number of years, and is the only one which has been periodically 
updated. It provides a systematic and comprehensive review of plant and 
animal drugs in a biochemical classification system. Major chapter titles 
include, general introduction, carbohydrates and related compounds, 
glycosides and tannins, lipids, volatile oils, resins, steroids, alkaloids, 
peptide hormones, enzymes, vitamins, antibiotics, biologicals, allergens 
and allergenic preparations, poisonous plants, and a new section entitled, 
herbs and “health foods”. Several obsolete drugs and references have been 
deleted and new materials added where appropriate. Many of the 
chemical structures have been redrawn to reflect appropriate steric 
configurations. New prescription products as examples of the various 
drugs have been added as required. 


In general, the new edition has retained the flavor of the previous ones 
with much updating. The chapter on herbs and “health foods” is a wel- 
come addition to a subject that has gained popularity in recent years. This 
chapter has wisely divided the literature references into two groups, eg.,  
authoritative and advocacy literature. This will help the pharmacist and 
others who use it, to determine whether the references their patients use 
are good or bad since self medication with herbs and teas has become 
common. However, several excellent recent references on the hazards of 
herbal teas and ginsing tea analysis have been omitted, and should be 
included in the next edition. As a constructive criticism, more recent key 
journal articles and reviews also should be included in the chapter ref- 
erences. This edition is really top-heavy with text references. Since text 
references tend to be dated by publication time, this policy detracts from 
access to recent literature and the usefulness of the book. This text is a 
must for all pharmacists. 


Reviewed by Ara Der Marderosian 
Professor of Pharmacognosy 
Philadelphia College of 


Pharmacy and Science 
Philadelphia, PA 19104 
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with time, as is seen with quinidine (l), it is important to 
realize the difference in the time to approach equilibrium 
between adding drug to plasma and buffer. 


For the following discussion, the associating and disso- 
ciation rates are assumed to be fast in comparison to the 
diffusion across the dialysis membrane. Furthermore, it 
is also assumed that there is the same volume V on both 
sides of the dialysis membrane, and no net flux of water 
takes place. In addition, the rate of transfer across the 
membrane is assumed to be covered by a clearance term 
C ~ T ,  which is the same in both directions, and the unbound 
concentration on each side. The binding is assumed to be 
linear and no net loss of drug occurs during dialysis. 


The rate of change in the buffer side can be expressed 
by: 


(1) T. W. Guentert and S. 0ie, J .  Pharm. Sci., in press. 
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Stability of Heparin and Other Fractions of 
Glycosaminoglycan Sulfates in Human  
Digestive Juices 


where AB is the amount on the buffer side, a is the un- 
bound fraction in plasma, c, the buffer concentration, and 
cP the plasma concentration Of drug* The rate Of change 
in the plasma side is expressed by: 


Keyphrases 0 Heparin-stability in human digestive juices 0 Gly- 
cosaminoglycan sulfates-stability in human digestive juices 0 Ab- 
sorption, intestinal-stability of heparin and glycosaminoglycan sul- 
fates 


where A, is the amount on the plasma side. 


concentration on the buffer side is then described by: 
When the drug initially is placed on the plasma side, the 


(Eq. :3) 


where t is time, CO initial concentration, and k~ the ratio 


When the drug initially is placed on the buffer side, the 
CZT/V. 


buffer side concentration is described by: 


In both cases the concentration approaches the equi- 
librium concentration (CO a) / ( l  + a)  when t - a. One can 
determine from Eqs. 3 and 4 the time that is needed to 
reach a value that is only a fraction, 6, away from the 
equilibrium concentration; i.e., the time required to reach 
a buffer concentration of [(CO a)/(l  + a)] (1 - 6) if the drug 
is placed initially on the plasma side and [ (Co a)/l  + a] (1 + 6) if it is placed initially on the buffer side. The ratio of 
the times to reach these concentration is then: 


where t ,  and tB are the times to reach equilibrium whe.n 
the drug is initially added to the plasma and buffer side, 
respectively. Cancelling the common terms gives: 


tg l n 6 + l n a = 1 t -  In a 
t, In 6 In 6 R = - =  (Eq. 6) 


Equation 6 indicates that the closer to the true equi.- 
librium value one wants to be, the closer the ratio is to 
unity. The stronger the binding and the larger the devia.- 
tion from the true equilibrium concentration, the greater 
the advantage of spiking the plasma side. 


To the Editor: 
The oral administration of heparin has been a subject 


of controversy (1) because of its uncertain absorption in 
the GI tract and its stability in digestive juices. Its N-sul- 
fate groups are easily hydrolyzed in an acidic medium, with 
consequent impairment of biological activity. Some au- 
thors (2) also affirmed that intestinal flora degrades and 
metabolizes heparin. 


However, according to recent studies (3,4), some frac- 
tions of glycosaminoglycan sulfates, strictly correlated to 
heparin, exerted antithrombotic and hypolipidemic ac- 
tivities after oral administration. Furthermore, it was 
proved that intestinal absorption took place when some 
fractions of glycosaminoglycan sulfates, labeled with flu- 
orescein ( 5 ) ,  were administered intraduodenally (6). 


Special excipients to suppress ionization of the func- 
tional groups of glycosaminoglycan sulfates and, thus, to 
promote their GI absorption (7) were studied. It was found 
that, if biopolymer is administered in micellar suspension 
with monoolein and bile salts, the intestinal absorption of 
heparin greatly increases with increasing mucosa perme- 
ability (8). For example, the rectal administration to rats 
of heparin and other glycosaminoglycan sulfates in a 2- 
mg/kg dose in an oily emulsion prolonged the time of 
coagulation; only 1 mg/kg, administered by the same route, 
activated the lipoprotein lipase-inducing system (9). 


To evaluate if and to what extent human digestive juices 
can degrade glycosaminoglycan sulfates, we investigated 
the stability and biological activity of heparin and a stan- 
dardized mixture1 of fractions of glycosaminoglycan sul- 
fates, containing a heparin-like substance with a low mo- 
lecular weight and condroitin sulfate B, in cat and human 
gastric and duodenal juices. 


Glycosaminoglycan sulfates and heparin were incubated 
at  concentrations of 190 and 238 USP/ml, respectively, for 
up to 3 hr in digestive juices2 at  37". To evaluate the in- 


Sulodexide. 
Gastric juice of the cat was obtained by a Heidenhain gastric pouch. Human 


gastric juice was obtained from a probe of five volunteers who had previously been 
given an injection of 3 U of cholecystokinin kghr iv. 
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Table I-Activities of Glycosaminoglycan Sulfates after 
Incubation in Human Digestive Juices 


Time of 
incubation, Residual activityo 


Substance min LiDasemic Anticoagulant 


In Human Gastric Juice, pH 1.4 


5 97 
Heparin 0 100 100 


- 


15 95 97 ~~ 


60 93 100 
180 93 98 


Standardized extracts of 0 100 100 
- - glycosaminoglycans 5 


15 97 107 
60 98 


180 105 
In Human Duodenal Juice, pH 8.5 


Heparin 0 100 
5 


15 95 
60 


180 98 
Standardized extracts of 0 100 


glycosaminoglycans 5 87 
15 92 
60 98 


180 95 


The values are expressed as percent of initial activity. 


- 


- 


110 
109 


100 


97 


92 
100 
102 
94 


100 
96 


- 


- 


fluence of dilution, stability tests were carried out in which 
the concentrations of heparin and the standardized mix- 
ture of glycosaminoglycan sulfates were 19 and 23.8 
USP/ml, respectively. Anticoagulant and lipoprotein- 
lipase-inducing activities were measured in relation to the 
time of incubation by means of in uitro and in uiuo quan- 
titative methods. Lipoprotein-lipase activity was mea- 
sured by a turbidimetric method3. 


Anticoagulant action in uiuo was evaluated by thrombin 
time with an aliquot of the same plasma used for the de- 
termination of lipoprotein-lipase releasing action in uiuo 
by the ediol method. All coagulation times were deter- 
mined automatically. 


The biological activity pattern of heparin and other 
glycosaminoglycan sulfates remained unchanged during 
the experimental time period, although some variability 
in biological assessment occurred (Table I). 


The confirmed biological activity shows that the nature 
and conformation of even the more labile chemical groups 
of glycosaminoglycan sulfates remain unaltered, despite 
being incubated in chemically and enzymatically aggres- 
sive environments such as digestive juices. 
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Adsorption of Methotrexate onto 
Glassware and Syringes 
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To the Editor: 


Methotrexate, a potent antifolate, is a widely used 
antineoplastic agent (1). With the advent of high-dose 
therapy and citrovorum-factor rescue, monitoring of 
plasma concentrations of methotrexate is recommended 
(1-4). However, the potential interference of active me- 
tabolites, such as 7-hydroxymethotrexate and 4-amino- 
4-deo~y-N~~-methylpteroic acid, renders many assay 
methods nonspecific (5). A need for re-evaluation of past 
pharmacokinetic studies has been advocated (6). Hence, 
development of specific and sensitive assay methods is 
required. In our recent development of a high-performance 
liquid chromatographic (HPLC) assay for methotrexate 
and its metabolites in biological fluids (7), erratic results 
were often found when series dilutions of methotrexate in 
water-miscible organic solvents such as methanol were 
made. These organic solvents were used to enhance the 
aqueous solubility of methotrexate (8). 


Additional studies were carried out to explore the po- 
tential interaction between methotrexate and glassware 
or syringes. This communication reports the results of our 
preliminary adsorption studies, and discusses its impli- 
cation in quantitative analysis. 


Stock solutions (0.1 mg/ml) of methotrexate were pre- 
pared in distilled water, methanol, or 80% ethanol (with 
20% water, v/v) using 100-ml volumetric flasks’. Series 
dilutions were made to concentrations of 50, 10, and 1 
pg/ml. After mixing and equilibration overnight, the 
methotrexate concentration was determined directly by 
the HPLC method described earlier (7). A cation-exchange 
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Table I-Activities of Glycosaminoglycan Sulfates after 
Incubation in Human Digestive Juices 


Time of 
incubation, Residual activityo 


Substance min LiDasemic Anticoagulant 


In Human Gastric Juice, pH 1.4 


5 97 
Heparin 0 100 100 


- 


15 95 97 ~~ 


60 93 100 
180 93 98 


Standardized extracts of 0 100 100 
- - glycosaminoglycans 5 


15 97 107 
60 98 


180 105 
In Human Duodenal Juice, pH 8.5 


Heparin 0 100 
5 


15 95 
60 


180 98 
Standardized extracts of 0 100 


glycosaminoglycans 5 87 
15 92 
60 98 


180 95 


The values are expressed as percent of initial activity. 


- 


- 


110 
109 


100 


97 


92 
100 
102 
94 


100 
96 


- 


- 


fluence of dilution, stability tests were carried out in which 
the concentrations of heparin and the standardized mix- 
ture of glycosaminoglycan sulfates were 19 and 23.8 
USP/ml, respectively. Anticoagulant and lipoprotein- 
lipase-inducing activities were measured in relation to the 
time of incubation by means of in uitro and in uiuo quan- 
titative methods. Lipoprotein-lipase activity was mea- 
sured by a turbidimetric method3. 


Anticoagulant action in uiuo was evaluated by thrombin 
time with an aliquot of the same plasma used for the de- 
termination of lipoprotein-lipase releasing action in uiuo 
by the ediol method. All coagulation times were deter- 
mined automatically. 


The biological activity pattern of heparin and other 
glycosaminoglycan sulfates remained unchanged during 
the experimental time period, although some variability 
in biological assessment occurred (Table I). 


The confirmed biological activity shows that the nature 
and conformation of even the more labile chemical groups 
of glycosaminoglycan sulfates remain unaltered, despite 
being incubated in chemically and enzymatically aggres- 
sive environments such as digestive juices. 
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To the Editor: 


Methotrexate, a potent antifolate, is a widely used 
antineoplastic agent (1). With the advent of high-dose 
therapy and citrovorum-factor rescue, monitoring of 
plasma concentrations of methotrexate is recommended 
(1-4). However, the potential interference of active me- 
tabolites, such as 7-hydroxymethotrexate and 4-amino- 
4-deo~y-N~~-methylpteroic acid, renders many assay 
methods nonspecific (5). A need for re-evaluation of past 
pharmacokinetic studies has been advocated (6). Hence, 
development of specific and sensitive assay methods is 
required. In our recent development of a high-performance 
liquid chromatographic (HPLC) assay for methotrexate 
and its metabolites in biological fluids (7), erratic results 
were often found when series dilutions of methotrexate in 
water-miscible organic solvents such as methanol were 
made. These organic solvents were used to enhance the 
aqueous solubility of methotrexate (8). 


Additional studies were carried out to explore the po- 
tential interaction between methotrexate and glassware 
or syringes. This communication reports the results of our 
preliminary adsorption studies, and discusses its impli- 
cation in quantitative analysis. 


Stock solutions (0.1 mg/ml) of methotrexate were pre- 
pared in distilled water, methanol, or 80% ethanol (with 
20% water, v/v) using 100-ml volumetric flasks’. Series 
dilutions were made to concentrations of 50, 10, and 1 
pg/ml. After mixing and equilibration overnight, the 
methotrexate concentration was determined directly by 
the HPLC method described earlier (7). A cation-exchange 
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Figure 1-Effect o f  concentration and diluent on methotrexate ad- 
sorption onto a volumetric flask. Key: o, methanol; ., 80% ethanol'; 
and A, water. 


column2 was used. The mobile phase was prepared by 
mixing 10 parts of acetonitrile with 90 parts of 0.02 M 
monobasic ammonium phosphate solution acidified with 
phosphoric acid (0.2%) to pH 2.7. The flow rate was set a t  
2 ml/min; the retention time for methotrexate was 7 min. 
p-Aminobenzoic acid was used as an internal standard to 
ensure the proper series dilution and HPLC injection; it 
was dissolved together with methotrexate in the prepa- 
ration of stock solutions. No adsorption problem with 
p -aminobenzoic acid was encountered. Experiments were 
run at  least in duplicate. 


Figure 1 shows that the extent of adsorption was solvent 
and concentration dependent. The aqueous solution had 
no adsorption problem. However, methotrexate showed 
significant adsorption onto the flask in methanol or 804; 
ethanol. For example, the adsorption of methotrexate a t  
1 pg/ml was -23% in methanol and 7% in 80% ethanol. As 
shown in Fig. 1, the percentage of methotrexate lost to the 
volumetric flask increased as the concentration decreased. 
It is possible that the extent of adsorption may be much 
greater when the concentration is <1 pg/ml(9). 


Further evidence for methotrexate adsorption onto the 
glassware was supported by the following study. After 
adsorption equilibration overnight, various drug solutionri 
were withdrawn into syringes3. The methotrexate con- 
centrations in the syringes were then measured as a func- 
tion of time. As shown in Fig. 2, the adsorption of metho- 


* Partisil PXS 10/25 SCX, 25 cm X 4.6-mm i.d., Whatman Inc. Clifton, N J  
07014. 
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Figure %-Effect of exposure time on methotrexate adsorption by the 
syringe. Key: 0, methanol (0.1 pglml); 0,  methanol (10 pglml); A, 80% 
ethanol (10 pglml); and M, water (0.2 pglml). 


trexate increased with the length of contact time in the 
15-min period of the study. Again, methotrexate showed 
a higher degree of adsorption in methanol as compared 
with the 80% ethanol solution. The extent of adsorption 
also increased as methotrexate concentration decreased. 
It appears that the phenomenon of drug adsorption onto 
syringes used for the HPLC analysis has never been re- 
ported in the literature. Adsorption of butaperazine onto 
quartz cells was reported earlier (10). 


A previous study (9) showed that the pH of the solution 
may influence the magnitude of adsorption. Our prelimi- 
nary results showed that the adsorption of methotrexate 
in alcoholic solutions was reduced at  lower (pH 2-4) or 
higher (pH 8-9) pH values. 


It should be pointed out that the syringes used in this 
study were used not only in the preparation of drug stan- 
dard solutions but also for sample delivery in HPLC as- 
says. If methotrexate is prepared in solvents other than 
water, serious errors in the determination of the drug 
concentrations may result. Our preliminary findings also 
showed that 4-amino-4-deoxy-N10-methylpteroic acid, a 
methotrexate metabolite (8), had a similar adsorption 
problem. The results of the present study clearly indicate 
that the potential adsorption of methotrexate and its 
metabolites onto glassware and other contact surfaces 
should be considered as a source of variability in quanti- 
tative analysis. 
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Pharmacokinetic and 
Biopharmaceutic Parameters During 
Enterohepatic Circulation of Drugs 


Scheme I-Pharmacokinetic first-pass perfusion model used to describe 
the systemic blood concentrations of drugs that undergo enterohepatic 
recycling. Key: QH, hepatic blood flow; C ~ H  and C ~ H R ,  irreversible and 
recirculating hepatic organ clearances, respectiuely; and k A  and k B A ,  


the absorption and bile transport processes, respectiuely. 


Keyphrases 0 Enterohepatic circulation-model, evaluation of phar- 
macokinetic parameters 0 Pharmacokinetics-evaluation of parameters, 
enterohepatic circulation model 


To t h e  Editor: 
As research in the area of enterohepatic circulation 


continues in this laboratory, several aspects of its impact 
on the interpretation of pharmacokinetic and biophar- 
maceutic studies have become apparent. Simulation 
techniques have been used to investigate the effect of en- 
terohepatic circulation on various pharmacokinetic and 
biopharmaceutic parameters under various conditions. 


The simple first-pass perfusion model in Scheme I was 
used for the simulations. In the model, VH and Vs are the 
effective hepatic and systemic volumes1, QH is the blood 
flow to the liver, and C1H and C ~ H R  are the irreversible and 
recirculating hepatic organ clearances, respectively. The 
biliary excretion component was assumed to be continuous 
in the present model to avoid the complexities associated 
with gallbladder storage and subsequent excretion into the 
duodenum. The more complex model was addressed pre- 
viously (1) and will be investigated further, but the con- 
cepts presented here are generally applicable to both sit- 
uations. For the purpose of the oral absorption simulations, 
the absorption rate constant, k ~ ,  was set at  0.693 hr-l. 
Simulations were performed under conditions of intact 
enterohepatic circulation ( ~ B A  = 1.0) and under conditions 
of bile duct cannulation, i.e., interrupted enterohepatic 
circulation ( ~ B A  = 0.0). 


Blood concentration-time data following intravenous 
and oral doses were simulated using several sets of pa- 
rameter values. Representative examples from the total 
number of simulations are presented in Tables 1-111. The 


Effective volume is the product of the 
pooled tissues times its retention factor. 


physiological volume of the organ or 


effect of enterohepatic circulation on blood clearance 
( C ~ B ) ,  oral clearance (Clo),  elimination half-life (tlna), and 
the volume of distribution (Vdarea)  are presented in Table 
I. The influence of enterohepatic circulation on the time 
(T,,,) of the maximum observed blood concentration 
(C,,,) and the elimination half-life following oral dosing 
are presented in Table 11. Table I11 contains the blood 
clearance (ClB) and oral clearance (Clo)  parameters along 
with the absolute bioavailability under intact ( F I )  as well 
as bile duct-cannulated (Fc )  conditions. In addition, the 
ratio of the area under the curves following intravenous 
doses ( A U C r v )  under intact and bile-duct-cannulated 
conditions (RIv)  as well as the ratio of the area under the 
curves following oral doses ( A U C o )  under intact and bile 
duct-cannulated conditions (Ro)  are presented in Table 
111. 


The results of these simulations indicate that entero- 
hepatic circulation increases the apparent volume distri- 
bution and prolongs the half-life of elimination when 
compared to identical blood clearances without it. The 
more extensive the recycling, the more prolonged the 
half-life and greater the volume increase (Table I). The 
data presented in Table I1 indicate that the pharmacoki- 
netic complexities associated with enterohepatic circula- 
tion are affected by the effective hepatic and systemic 
volumes of distribution. The time (Tma,) of the maximum 
observed blood concentrations (C,,,) following oral doses 
are a function of both the interrelationship of systemic to 
hepatic effective volumes of distribution as well as the 
extent of enterohepatic circulation (Table 11). 


For example, comparison of cases G-I with cases J-L in 
Table I1 indicates that when the effective systemic volume 
of distribution is smaller than the effective hepatic volume 
of distribution, more extensive recycling results in longer 
elimination half-lives and lower C,,, values, but results 
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Table I-Permeability Coefficients Evaluated from Planar 
Membrane Experiments 


Permeability Coefficient (30°), 
Solute cmlsec x 109 


Urea 440 
Potassium thiocyanate 21.9 
Cesium chloride 3.76 
Rubidium chloride 2.84 
Potassium chloride 2.37 
Sodium chloride 2.19 
Lithium chloride 1.77 


viscosity at  the time of preparation on the species of solute enclosed in 
the inner aqueous phase. For example, potassium chloride shows a much 
higher viscosity than potassium thiocyanate. Although it was suggested'O 
that potassium thiocyanate prevents formation of W/O/W to give a lower 
viscosity, this can also be explained in terms of the permeability differ- 
ence between the two salts. Since potassium thiocyanate, which is more 
permeable than potassium chloride, would contribute to the osmotic 
pressure of the inner aqueous phase less than potassium chloride, there 
would be less movement of water from the outer to the inner aqueous 
phase, thus giving a lower viscosity. 


Table I lists the permeability coefficients calculated for some solutes 
from the fluxes determined in the planar membrane experiment. The 
sequence of permeability coefficient values in the table is identical with 
that obtained in the viscometry of the W/O/W emulsion. Furthermore, 
the absolute values of the permeability coefficient for sodium chloride 
and urea are in good agreement with those obtained with phospholipid 
bilayer membranes (15, 16). The sequence for alkali chlorides is also 
identical with that obtained with the lipid bilayers (15). 


It would be reasonable to conclude that solutes can permeate the oil 
layer of vesicles in the W/O/W emulsion, probably due to a large total 
surface area of the vesicles, even though there is a considerable difference 
in composition between the oil layer and the planar membrane. Water 
would act as the carrier of solutes across the oil layer, presumably in the 
solubilized form. 


Matsumoto et al. (1) proposed to measure the yield of W/O/W emul- 
sion by a dialysis method. That is, when the emulsion containing a solute 
in the inner aqueous phase is dialyzed against distilled water, the con- 
centration of the solute in the water should correspond to the yield. 
However, if the solute can permeate the oil layer of vesicles in the emul- 
sion, there is no way to distinguish the solute diffused from the inner 


aqueous phase from the solute that leaked out as a result of vesicle de- 
struction. The dialysis method cannot give correct yield. Moreover, if a 
high solute concentration in the water and a low emulsion viscosity are 
found (as in the case where a highly permeable solute is used) it could be 
incorrectly concluded that the solute has prevented the formation of a 
WIOIW emulsion. 
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Abstract Two ion-chromatographic procedures were developed for 
determining the principal inorganic ions in bulk antibiotic salts. The 
anion system enables sulfate determination in sulfate salts of polymyxin, 
neomycin, streptomycin, and dihydrostreptomycin, with typical analysis 
times of8 min/sample and a relative precision of f2% (95% confidence 
interval). The cation system is applicable to sodium or potassium 
in the respective penicillin salts in 9-16 min with a relative precision of 
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f2.5%. These methods offer speed, specificity, and easy sample prepa- 
ration compared with traditional assays. 


Keyphrases 0 Ion chromatography-determination of inorganic ion 
in bulk antibiotic salts 0 Antibiotics-determination of inorganic ion 
in salts using ion chromatography Inorganic ion-determination in 
salts Of various antibiotics by ion chromatography 


Bulk antibiotic salts can be characterized by the deter- 
mination of their principal components for the purposes 
of quality assurance. An accurate assay is required for both 


the pharmacologically active organic ion and the inorganic 
counterion. For the organic moiety, many specific chro- 
matographic assays (1) are applicable to bulks. However, 
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Table I-Instrument Conditions for t he  Ion Chromatographic Analysis of Antibiotic Bulks 


Anion System Cation System 


Columns 3 X 150-mm anion separator 


6 X 250-mm anion suppressor 


2.25 ml/min 3.0 ml/min Flow rate 
Pressure 400-600 psi 360-580 psi 
Detector sensitivity 100 pMHO 10 pMHO 
Regeneration solution 1 N HzSO? 1 N NaOH 
Regeneration flow rate 2.25 ml/mm 2.25 ml/min 


3 X 150-mm cation precolumn 
6 X 250-mm cation separator 
9 X 250-mm cation suppressor 


Mobile phase 0.003 M NaHC03/0.0024 M Na2C03 0.005 N HN03 


Table 11-Sample Preparation for Inorganic Ion Analysis 


Sample 
Concen- Typical Ion 


Target tration Concen- 
Weight, Injected, trations, 


Ion Antibiotic mg g/ml g/ml 


K+ Potassium benzyl 950 285 30 


Potassium phenoxymethyl 990 297 30 
penicillin 


penicillin 


carbenicillin 
monohydrate 


Na+ Monosodium indanyl 1000 200 9 


Sodium carbenicillin 1000 200 11 
S042- Neomycin sulfate 25 30 7 


Dihydrostreptomycin 50 60 12 
sulfate 


Streptomycin sulfate 
Polvmvxin sulfate 


50 60 12 
50 60 10 


for the inorganic ion portion of the salt, only the traditional 
volumetric, gravimetric, or colorimetric methods are 
available (2). The classical assays are generally time con- 
suming, cumbersome, and lack specificity. 


The present study reports a rapid and specific inorganic 
analysis technique which is applicable to a variety of an- 
tibiotic salts. The technique was termed ion chromatog- 
raphy by Small (3), in reporting the use of a mobile phase 
suppressor column as part of an ion-exchange system with 
conductivity detection. A comparison between suppressed 
and nonsuppressed ion chromatography and the devel- 
opment of ion chromatography were discussed in a recent 


> 
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RETENTION TIME, min 


Figure 1-Chromatogram demonstrating the resolution of standard 
anions utilizing a 3 X IFjO-mm separator column. 


Table 111-Reproducibility of Sulfate Analysis by Ion 
Chromatography 


Antibiotic 
Relative Precision, % b  


so42-, %" Manual Automated 


Polymyxin sulfate 17.12 f 0.10 1.6 2.5 
Streptomycin sulfate 18.12 f 0.04 0.6 2.3 
Dihydrostreptomycin 18.79 f 0.07 1.0 0.8 


Neomycin sulfate 27.73 f 0.17 0.6 3.0 
sulfate 


a Confidence interval, 1 SD. Confidence interval, 95%. 


Table IV-Reproducibility of Cation Analysis by Ion 
ChromatograDhu 


Cation Anion Cation, %" 


K+ Benzyl penicillin 10.53 f 0.26 
K+ Phenoxymethyl penicillin 10.20 f 0.24 


Na+ Carbenicillin monohydrate 5.40 f 0.14 
Na+ Indanyl carbenicillin 4.57 f 0.12 


a Confidence interval, 95%. 


review (4). Suppressed ion chromatography was chosen for 
bulk antibiotic analysis because the conductivity detector 
response is independent of the counterion species. A 
standard set of conditions applies to the analysis of various 
anions or cations and to a variety of sample types. Ion 
chromatography is specific for the ion of interest, and 
sample preparation only involves dissolving the salt in the 
mobile phase. Analysis times are generally shorter than 
those of traditional assays, and the methodology can be 
automated. 


EXPERIMENTAL 


Apparatus-A commercially available ion chromatograph' containing 
a 100-pl loop-type injector and conductivity detector with a dual pen strip 
chart recorder2 or computing integrator3 was used. The autosampler4 
employed a 5O-pl injector loop connected after the manual injection loop 
and before the first separator column. The prepacked chromatographic 
columns were obtained commercially5, and 0.22-pm disposable filters 
were used to treat sample solutions6. 


Materials-Reagent grade inorganic salts were sufficiently pure to 
be used as obtained. All water was passed through a mixed bed deionizer 
and an activated carbon unit7. 


Method-The analysis conditions and instrument settings are shown 
in Table I. The bulk antibiotic was dried, and a sample weighing ap- 
proximately the amount specified in Table I1 was dissolved and diluted 
with mobile phase to prepare the sample stock solutions. A working so- 
lution was prepared by diluting the stock solution with mobile phase to 
obtain the final sample concentrations (Table 11). 


The chromatographic system required equilibration for -1 hr, until 


Dionex model 14 ion chromatograph. 


Micromeritics model 725 autosampler. 


* Honeywell dual channel/dual pen variable input recorder. 
3 Spectra Physics model 4100 computing integrator. 


5 Dionex Corp., Sunnyvale, Calif. 
6 Millipore Millex-GS 0.22 pm. 
1 Continental water conditioning system models 350 and 350A. 
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Figure 2-Chromatograms obtained during sulfate analysis. The  sodium sulfate standard chromatogram (A), is indistinguishable from the sulfate 
component of the organic salts neomycin (B), dihydrostreptomycin (D), and polymyxin (E), and f rom the spike of  sodium sulfate into neomycin 
sulfate (1'2). 


PENICILLIN G 
n 


PENICILLIN V POTASSIUM 
n 


Figure 3-Chromatograms demonstrating potassium determination in  potassium phenonymethyl penicillin and potassium benzyl penicillin. 
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Figure 4-Chromatograms demonstrating sodium determination in monosodium indanyl carbenicillin (MIC) and monosodium carbenicillin 
(MSC) . 


a stable baseline was obtained. Duplicate injections of the working 
standard were made, and the peak retention time and response repro- 
ducibility were compared with previously determined values in order to 
check the suitability of the instrument system. 


Sample solutions were injected through the disposable filter into the 
ion chromatograph or autosampler vial. For the autosampler, sample and 
rinse solutions were alternately injected. 


After 5-6 samples were injected, the system was recalibrated by rein- 
jecting the working standard. The sample concentrations can be calcu- 
lated using either peak height or peak area measurement techniques. 


RESULTS AND DISCUSSION 


Anion Analysis-The anion system was identical with the systems 
generally recommended for common anion analysis, (5,6) except that  
a short (3 X 150 mm) separator anion exchange column was employed. 
This short separator column enabled rapid analysis with adequate res- 
olution (Fig. 1). In bulk antibiotic salts, potentially interfering ions are 
present in only small amounts, thereby minimizing the need for large 
separator columns and long analysis times. 


In the event that simultaneous analyses of the major ion and some trace 
ion are desired, a longer separator column could be employed. For ex- 
ample, a system that can analyze both 0.1-0.4% bisulfite and 13-38% 
sulfate in a sulfate salt was developed using both a 3 X 150-mm and a 3 
X 500-mm separator column. The bisulfite eluted with a relative retention 
time of 0.75 (9 min) to sulfate (12 min). Glycerin (1%) was used to stabilize 
the bisulfite; the glycerin had no effect on the chromatography. 


Typical chromatograms (Fig. 2) obtained during sulfate analysis show 


that the sulfate peak in the antibiotic salt was indistinguishable from that 
of the sodium sulfate standard. 


Linearity-Standards containing 5-20 pglml sulfate gave a linear 
response by both peak height and peak area computation. This range 
encompasses the theoretical sulfate content for the antibiotic salts, which 
are 26.9% for neomycin, 19.7% for streptomycin, 19.7% for dihydro- 
streptomycin, and 16.6% for polymyxin. 


Reproducibility-The assay precision was determined by 5-6 replicate 
analyses of the same antibiotic lot. The precision values (Table 111) in- 
clude variations due to weighing and sample preparation. The manual 
analyses exhibited better precision than the automated analyses; although 
the precision of the automated method was adequate, no attempt was 
made to improve its precision. The precision of the automated method 
became unacceptable if a sample rinse was not employed to prevent carry 
over of the sulfate from the previous injection. The automated ion 
chromatograph was successfully employed for the analysis of all of the 
sulfated antibiotics in overnight runs. 


Equiualency-Two classical methods for sulfate determination can 
be applied to sulfate analysis in antibiotics: the traditional barium 
gravimetric method (7) and a volumetric (8) method. The latter has been 
proposed for incorporation into the European Pharmacopeia monograph 
for polymyxin sulfate. T o  compare these methods and the ion chroma- 
tography technique, various lots of polymyxin sulfate were assayed by 
both the classical and ion chromatographic methods. For eight lots as- 
sayed by both gravimetric and ion chromatography, the average relative 
difference was -0.6 f l . l %  (confidence interval: 1 SD). Similarly, for 14 
lots examined by the volumetric and ion chromatographic methods, the 
difference was -0.3 f2.7%. The data indicate no apparent bias between 
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the methods. In both cases, the ion chromatographic method is more 
rapid and involves less sample manipulation than the traditional as- 
says. 


Cation Analysis-An ion chromatographic method, similar to the 
method reported for the determination of cations in ambient air aerosols 
(9), was successfully applied to the analysis of various penicillins (Figs. 
3 and 4). The cation system, like the anion system, is independent of the 
nature of the counter-ion. 


Linearity-Standards containing 5-15 fig/ml sodium and 10-40 pg/ml 
potassium gave linear responses by both peak height and peak area 
computation (Figs. 3 and 4). These ranges encompass the theoretical 
cation content for the antibiotic salts. The stoichiometric potassium level 
is 10.07% in penicillin V potassium (potassium phenoxymethyl penicillin) 
and 10.50% in penicillin G (potassium benzyl penicillin). Theoretical 
sodium levels in the sodium salts are 4.45% in carbenicillin indanyl so- 
dium and 5.49% in carbenicillin sodium monohydrate. The sample con- 
centrations (Table 11) were chosen to give a similar response for both 
cations so that samples could be batched. 


Reproducibility-Typical precisions of the ion chromatographic cation 
determination are shown in Table IV. These experiments include the 
complete replicate analysis of the same bulk lot. 


Equiualency-No compendia1 requirement exists for the potassium 
content of the penicillins; however, both assays agreed well with the 
theoretical values. 


The ion chromatographic sodium analysis was compared with sodium 
content determined by ashing six different antibiotic lots in the presence 
of sulfuric acid and measuring the remaining sodium sulfate gravime- 
trically. For carbenicillin sodium monohydrate, the relative difference 
was -1.0 f 3.3% (confidence interval: 1 SD). Carbenicillin indanyl sodium 
by ion chromatography was 3.9 f 4.3% greater than the analysis by the 


residue on ignition method. Since both differences are smaller than the 
confidence interval, there was no apparent bias between methods. 
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Abstract A series of new bisbrusatolyl and brusatolyl esters and re- 
lated compounds were synthesized and tested for in uiuo antileukemic 
activity against a quassinoid sensitive strain of P-388 lymphocytic leu- 
kemia in BDFl mice. The bisbrusatolyl malonate, succinate, glutarate, 
adipate, and sebacate were as active or more active than brusatol. The 
C-3 esters of brusatol and bruceantin were also found to  be as active or 
more active than brusatol or bruceantin in general. The free hydroxyl 
groups at  C-11 and C-12 as well as the enone double bond in ring A of both 
bisbrusatolyl and brusatolyl esters are required for antileukemic activity. 
The presence of a double bond in the ester side chain contributes to the 
enhanced activity of these esters. 


Keyphrases 0 Brusatol-bisbrusatolyl and bisbrusatolyl esters, syn- 
thesis, potential antileukemic agents Antitumor agents-potential, 
bisbrusatolyl and bisbrusatolyl esters, synthesis Antileukemic 
agents-potential, bisbrusatolyl and bisbrusatolyl esters, synthesis, tested 
against P-388 lymphocytic leukemia 


The structural requirements for antineoplastic activity 
(particularly in the P-388 mouse lymphocytic leukemic 
system) of quassinoids bruceantin (I), holacanthone, 
glaucarubolone, 6a-senecioyloxychaparrinone, and related 
compounds have recently been reviewed (1-6). It was 


concluded that the A3-2-0x0 moiety in ring A, the lactone 
moiety in ring D, the ester groups at either C-6 or C-15, the 
methyleneoxy bridge, and the hydroxyl moieties at either 
C-1 or C-3, and at  C-12 are required for biological ac- 
tivity. 


The isolation of novel antileukemic glycosides bru- 
ceoside-A and bruceoside-B, as well as their subsequent 
hydrolysis product brusatol (11) (7, 8) provided the op- 
portunity for developing brusatol related compounds into 
future clinically active anticancer agents. Brusatol is 
structurally identical to bruceantin (I) [currently in the 
Phase I1 clinical trial as an anticancer agent by the Na- 
tional Cancer Institute (9)] except for a slight difference 
in the C-15 ester side chain. The C-15 ester moiety in I is 
important for its potent antileukemic activity and prob- 
ably serves as a carrier group in processes such as mem- 
brane transport of the drug into intact cells or complex 
formation as previously suggested (2, 6, 10). The impor- 
tance of the ester group which contributes to the enhanced 
antileukemic activity is also seen in other naturally oc- 
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QH IT 
I I HEPATIC v u'H 


I 


t kA 


Pharmacokinetic and 
Biopharmaceutic Parameters During 
Enterohepatic Circulation of Drugs 


Scheme I-Pharmacokinetic first-pass perfusion model used to describe 
the systemic blood concentrations of drugs that undergo enterohepatic 
recycling. Key: QH, hepatic blood flow; C ~ H  and C ~ H R ,  irreversible and 
recirculating hepatic organ clearances, respectiuely; and k A  and k B A ,  


the absorption and bile transport processes, respectiuely. 


Keyphrases 0 Enterohepatic circulation-model, evaluation of phar- 
macokinetic parameters 0 Pharmacokinetics-evaluation of parameters, 
enterohepatic circulation model 


To t h e  Editor: 
As research in the area of enterohepatic circulation 


continues in this laboratory, several aspects of its impact 
on the interpretation of pharmacokinetic and biophar- 
maceutic studies have become apparent. Simulation 
techniques have been used to investigate the effect of en- 
terohepatic circulation on various pharmacokinetic and 
biopharmaceutic parameters under various conditions. 


The simple first-pass perfusion model in Scheme I was 
used for the simulations. In the model, VH and Vs are the 
effective hepatic and systemic volumes1, QH is the blood 
flow to the liver, and C1H and C ~ H R  are the irreversible and 
recirculating hepatic organ clearances, respectively. The 
biliary excretion component was assumed to be continuous 
in the present model to avoid the complexities associated 
with gallbladder storage and subsequent excretion into the 
duodenum. The more complex model was addressed pre- 
viously (1) and will be investigated further, but the con- 
cepts presented here are generally applicable to both sit- 
uations. For the purpose of the oral absorption simulations, 
the absorption rate constant, k ~ ,  was set at  0.693 hr-l. 
Simulations were performed under conditions of intact 
enterohepatic circulation ( ~ B A  = 1.0) and under conditions 
of bile duct cannulation, i.e., interrupted enterohepatic 
circulation ( ~ B A  = 0.0). 


Blood concentration-time data following intravenous 
and oral doses were simulated using several sets of pa- 
rameter values. Representative examples from the total 
number of simulations are presented in Tables 1-111. The 


Effective volume is the product of the 
pooled tissues times its retention factor. 


physiological volume of the organ or 


effect of enterohepatic circulation on blood clearance 
( C ~ B ) ,  oral clearance (Clo),  elimination half-life (tlna), and 
the volume of distribution (Vdarea)  are presented in Table 
I. The influence of enterohepatic circulation on the time 
(T,,,) of the maximum observed blood concentration 
(C,,,) and the elimination half-life following oral dosing 
are presented in Table 11. Table I11 contains the blood 
clearance (ClB) and oral clearance (Clo)  parameters along 
with the absolute bioavailability under intact ( F I )  as well 
as bile duct-cannulated (Fc )  conditions. In addition, the 
ratio of the area under the curves following intravenous 
doses ( A U C r v )  under intact and bile-duct-cannulated 
conditions (RIv)  as well as the ratio of the area under the 
curves following oral doses ( A U C o )  under intact and bile 
duct-cannulated conditions (Ro)  are presented in Table 
111. 


The results of these simulations indicate that entero- 
hepatic circulation increases the apparent volume distri- 
bution and prolongs the half-life of elimination when 
compared to identical blood clearances without it. The 
more extensive the recycling, the more prolonged the 
half-life and greater the volume increase (Table I). The 
data presented in Table I1 indicate that the pharmacoki- 
netic complexities associated with enterohepatic circula- 
tion are affected by the effective hepatic and systemic 
volumes of distribution. The time (Tma,) of the maximum 
observed blood concentrations (C,,,) following oral doses 
are a function of both the interrelationship of systemic to 
hepatic effective volumes of distribution as well as the 
extent of enterohepatic circulation (Table 11). 


For example, comparison of cases G-I with cases J-L in 
Table I1 indicates that when the effective systemic volume 
of distribution is smaller than the effective hepatic volume 
of distribution, more extensive recycling results in longer 
elimination half-lives and lower C,,, values, but results 
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Table I-Effect of Enterohepatic Circulation on Various Pharmacokinetic Parameters 


Parameters 


Simulated Calculated 
VH, vs t Q H ,  CLH, izK Cle, Cloy t1 /20> Vdarea, 


liters liters litedhr litershr li ters/hr literdhr li ters/hr hr liters 


100 100 
100 100 
100 100 


90 
90 
90 
90 
90 
90 
90 


10 
10 
10 
10 
30 
30 
60 


0 9 
20 9 
80 9 


260 9 ~ . .  


0 
60 
0 


22.5 
22.5 
36.0 


10 
10 
10 
10 
30 
30 
60 


14.3 185 
17.8 231 
28.3 367 
58.9 765 
5.0 164 
8.8 286 
2.8 143 


100 100 90 60 30 36.0 60 3.8 200 


Table 11-Effect of EnteroheDatic Circulation on Various Bioaharmaceutic Parameters 


Case liters liters liters/hr li ters/hr liters/hr hr U/liters hr 


A 100 100 
B 100 100 
C 100 
D 10 
E 10 
F 10 
G 100 


100 
100 
100 
100 
10 


H 100 10 _. ~. . 


I 100 10 
J 100 1000 
K 100 1000 
L 100 1000 


90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 
90 


10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 


0 
20 


260 
0 


20 
260 


0 
20 


260 
0 


20 
260 


5 
5 
4 


395 
331 
112 


14.3 
17.8 
58.9 


4 620 8.3 
4 474 11.9 
4 124 52.8 
4 663 7.6 
3 524 11.4 
1 159 52.7 
8 78.5 83.3 


10 74.5 86.4 
20 49.6 125 


Table 111-Simulated Effects of Enterohepatic Circulation and Bile Duct Cannulation on Clearance, Bioavailability, and 
Administration Route Differences 
~ ~~ ~~ 


Parameters 
Simulated - Calculated 


Recirculation V H ,  V S ,  Q H ,  ClH,  C lHR t Cle , Clo 1 


statusa liters liters liters/hr liters/hr liters,lhr litedhr liters/hr FI FC RI v Ro 
I 100 100 
I 100 100 
I 100 100 
I 100 100 
C 
I 100 100 
C 
I 100 100 
C 
I 100 100 
C 
I 100 100 
C 


90 
90 
90 
90 


90 


90 


90 


90 


10 (1 ~. 


30 0 
60 0 
30 60 
90 0 
60 30 
90 0 
10 20 
30 0 
10 80 
90 0 
10 260 


270 0 


9.0 10.0 0.900 
22.5 30.0 0.750 
36.0 60.0 0.600 
22.5 30.0 0.750 
45.0 90.0 
36.0 60.0 0.600 
45.0 90.0 
9.0 10.0 0.900 


22.5 30.0 
9.0 10.0 0.900 


45.0 90.0 
9.0 10.0 0.900 


67.5 270.0 


0.900 1.000 1.000 
0.750 1.000 1.000 
0.600 1.000 1.000 
0.500 0.500 0.333 


0.500 0.800 0.667 


0.750 0.400 0.333 


0.500 0.200 0.111 


0.250 0.133 0.037 


a I, intact, uncannulated; and C, cannulated. 


in earlier T m a x  values. However, when the effective sys- 
temic volume of distribution is larger than the effective 
hepatic volume, more extensive recycling not only results 
in longer elimination half-lives and lower C,,, values, but 
also in much later T,,, values. For comparison with case 
L, the T,,, value is 8 hr for a drug with an elimination 
half-life of 125 hr, but without enterohepatic circula- 
tion. 


The importance of recycling on estimates of the absolute 
bioavailability of a drug is shown by comparing the abso- 
lute bioavailability simulated in intact, uncannulated ( F I ) ,  
and bile duct-cannulated (Fc) animals. It is apparent that 
bioavailability in cannulated animals is less than or equal 
to the bioavailability in uncannulated animals. This ob- 
servation is supported by the fact that the ratios of areas 


under the oral curves (Ro) are decreased more extensively 
by bile duct cannulation than are the ratios of the areas 
under the intravenous curves (Rzv). 


Although enterohepatic circulation affects the shapes 
of the blood concentration-time curves by increasing the 
apparent volume of distribution and half-life (Table I) and 
by altering the C,,, and T,,, values (Table II), it will not 
alter the areas under the blood concentration-time curves 
unless the enterohepatic circulation is interrupted (Table 
111) or altered in some way. An interruption can result from 
bile duct cannulation in the experimental setting, from the 
oral ingestion of ion-exchange resins, or from changes in 
the intestinal contents and microflora that may decrease 
or inhibit drug reabsorption. 


Thus, enterohepatic circulation influences the bio- 


132 I Journal of Pharmaceutical Sciences 
Vol. 77, No. 7, January 7982 







pharmaceutic and pharmacokinetic parameters associated 
with a drug. The process needs to be better understood to 
allow reasonable interpretation of the pharmacokinetic 
data obtained for drugs that are recycled. The data pre- 
sented here reflect the simplest case; discontinuous re- 
cycling, which is associated with gall bladder storage and 
emptying, is even more complex (1). 
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REVIEWS 


Basic Clinical Pharmacokinetics. By MICHAEL E. WINTER, with 
BRIAN S. KATCHER and MARY ANNE KODA-KIMBLE. Applied 
Therapeutics, P.O. Box 31-747, San Francisco, CA 94131. 1980. 231 
pp. 14.8 X 22.7 cm. Price $22.00. 
Pharmacokinetics and biopharmaceutics are well-established disci- 


plines. Their contributions in describing drug disposition, and predicting 
plasma drug concentrations and changes in drug concentrations are 
generally recognized. During the past decade, evaluation of drug con- 
centrations in biological fluids has found wide acceptance as part of drug 
therapy monitoring. The authors view this book as a practical guideline 
for the clinician in evaluating drug monitoring. 


The book is divided into two parts. The first part gives a brief overview 
of the basic principles of pharmacokinetics dealing with bioavailability, 
rate of administration, desired plasma concentration, volume of distri- 
bution, clearance, elimination, steady-state concentrations, interpretation 
of plasma drug concentrations, selection of appropriate equations, and 
creatinine clearance. At the end of the first part, a very instructive di- 
agram is given for evaluation and interpretation of plasma levels. This 
diagram will be very helpful for any clinician confronted with blood level 
data interpretation. 


Part  2 discusses the clinical pharmacokinetics of drugs usually moni- 
tored by a clinical pharmacokinetics service. The following drugs are 
covered: digoxin, lidocaine, procainamide, quinidine, theophylline, 
gentamicin, phenobarbital, and phenytoin. For each of these drugs, 
therapeutic and toxic plasma levels, bioavailability, if applicable, and 
the most important pharmacokinetic parameters (i .e. ,  volume of distri- 
bution, clearance, and elimination half-life) are covered. Where appli- 
cable, the influence of age, disease, and other concomitantly given drugs 
on drug disposition is discussed. 


This section, which is well referenced, is followed by a selection of 
typical clinical cases, along with the pharmacokinetic approach for so- 
lution. The calculations are listed stepwise so that even one who is inex- 
perienced in pharmacokinetics can easily follow. This section will be of 
great value to anyone interested in or practicing clinical pharmacoki- 
netics, as well as for teaching undergraduate and graduate students. Al- 
though only a few drugs are discussed in detail, once one masters these 
problem cases, the principles can be applied and tailored to many more 
drugs. 


The book contains three appendixes: I, nomograms for calculating body 
surface area of children and adults; 11, a listing of equations used 
throughout the text; and 111, a glossary of terms and abbreviations. 


In summary, this is a well-written and well-designed text which in- 
corporates the most important basic principles of basic and clinical 
pharmacokinetics. As such, the book will be of great value to all those 
involved in clinical pharmacokinetics and drug monitoring, particularly 


those who are entering the field. The authors have to be congratulated 
for writing such a well-organized guideline to the practical approach of 
drug level monitoring. 


Reuiewed by W. A. Ritschel 
College of Pharmacy and 


College of Medicine, 
University of Cincinnati 
Medical Center 
Cincinnati, OH 45267 


GC/MS Assays for  Abused Drugs in Body Fluid. NIDA Research 
Monograph 32. By RODGER L. FOLTZ, ALLISON F. FENTIMAN, 
and RUTH B. FOLTZ. National Institute on Drug Abuse, Division of 
Research, 5600 Fishers Lane, Rockville, MD 20857. 1980.202 pp. 14 
X 23 cm. Price $5.00. (Available from Superintendent of Documents, 
US. Government Printing Office, Washington, DC 20402. Specify GPO 
stock no. 017-024-01015-4.) 
This monograph, prepared by authors who are well versed in the areas 


of analytical methodology and drug abuse, should be valuable to inves- 
tigators interested in quantitating drugs in biological fluids. This work 
is actually a compilation of assays used for measuring the levels of drugs 
most often misused. 


This volume (13 chapters) includes an introduction and a discussion 
of experimental considerations and operations common to all of the assays 
(Chapter 2), and each remaining chapter is devoted to a particular drug 
that is commonly abused. The inclusion of Chapter 2 (which deals with 
the basics of obtaining internal standards, preparing calibration curves, 
sample extractions, performance evaluation of the gas chromatograph- 
mass spectrometer, etc.)  is an ideal approach since it greatly reduces 
excessive repetition that would have been required in each of the suc- 
ceeding chapters. The authors recommend that investigators concentrate 
on Chapter 2 along with the specific chapter for the drug in question. 


Each succeeding chapter is devoted to one of the following drugs of 
abuse: phencyclidine, methaqualone, methadone, A9-tetrahydrocanna- 
binol and two of its metabolites (11-hydroxy-A9-THC and 11-nor-9- 
carboxy-Ag-THC), cocaine and its major metabolite (benzoylecgonine), 
morphine, diazepam and its major metabolite (N-desmethyldiazepam), 
amphetamine, methamphetamine, 2,5-dimethoxy-4-methylampheta- 
mine, and mescaline. Each chapter begins with a brief historical de- 
scription of the drug followed by a synopsis of its pharmacological effects. 
A discussion on pharmacokinetics and metabolism examines which bi- 
ological fluid should be chosen for assay and whether metabolites should 
be quantitated. Then the sensitivity and selectivity of most of the tech- 
niques (e.g., spectrometry, gas chromatography, and radioimmunoassay) 
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the methods. In both cases, the ion chromatographic method is more 
rapid and involves less sample manipulation than the traditional as- 
says. 


Cation Analysis-An ion chromatographic method, similar to the 
method reported for the determination of cations in ambient air aerosols 
(9), was successfully applied to the analysis of various penicillins (Figs. 
3 and 4). The cation system, like the anion system, is independent of the 
nature of the counter-ion. 


Linearity-Standards containing 5-15 fig/ml sodium and 10-40 pg/ml 
potassium gave linear responses by both peak height and peak area 
computation (Figs. 3 and 4). These ranges encompass the theoretical 
cation content for the antibiotic salts. The stoichiometric potassium level 
is 10.07% in penicillin V potassium (potassium phenoxymethyl penicillin) 
and 10.50% in penicillin G (potassium benzyl penicillin). Theoretical 
sodium levels in the sodium salts are 4.45% in carbenicillin indanyl so- 
dium and 5.49% in carbenicillin sodium monohydrate. The sample con- 
centrations (Table 11) were chosen to give a similar response for both 
cations so that samples could be batched. 


Reproducibility-Typical precisions of the ion chromatographic cation 
determination are shown in Table IV. These experiments include the 
complete replicate analysis of the same bulk lot. 


Equiualency-No compendia1 requirement exists for the potassium 
content of the penicillins; however, both assays agreed well with the 
theoretical values. 


The ion chromatographic sodium analysis was compared with sodium 
content determined by ashing six different antibiotic lots in the presence 
of sulfuric acid and measuring the remaining sodium sulfate gravime- 
trically. For carbenicillin sodium monohydrate, the relative difference 
was -1.0 f 3.3% (confidence interval: 1 SD). Carbenicillin indanyl sodium 
by ion chromatography was 3.9 f 4.3% greater than the analysis by the 


residue on ignition method. Since both differences are smaller than the 
confidence interval, there was no apparent bias between methods. 
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Abstract A series of new bisbrusatolyl and brusatolyl esters and re- 
lated compounds were synthesized and tested for in uiuo antileukemic 
activity against a quassinoid sensitive strain of P-388 lymphocytic leu- 
kemia in BDFl mice. The bisbrusatolyl malonate, succinate, glutarate, 
adipate, and sebacate were as active or more active than brusatol. The 
C-3 esters of brusatol and bruceantin were also found to  be as active or 
more active than brusatol or bruceantin in general. The free hydroxyl 
groups at  C-11 and C-12 as well as the enone double bond in ring A of both 
bisbrusatolyl and brusatolyl esters are required for antileukemic activity. 
The presence of a double bond in the ester side chain contributes to the 
enhanced activity of these esters. 


Keyphrases 0 Brusatol-bisbrusatolyl and bisbrusatolyl esters, syn- 
thesis, potential antileukemic agents Antitumor agents-potential, 
bisbrusatolyl and bisbrusatolyl esters, synthesis Antileukemic 
agents-potential, bisbrusatolyl and bisbrusatolyl esters, synthesis, tested 
against P-388 lymphocytic leukemia 


The structural requirements for antineoplastic activity 
(particularly in the P-388 mouse lymphocytic leukemic 
system) of quassinoids bruceantin (I), holacanthone, 
glaucarubolone, 6a-senecioyloxychaparrinone, and related 
compounds have recently been reviewed (1-6). It was 


concluded that the A3-2-0x0 moiety in ring A, the lactone 
moiety in ring D, the ester groups at either C-6 or C-15, the 
methyleneoxy bridge, and the hydroxyl moieties at either 
C-1 or C-3, and at  C-12 are required for biological ac- 
tivity. 


The isolation of novel antileukemic glycosides bru- 
ceoside-A and bruceoside-B, as well as their subsequent 
hydrolysis product brusatol (11) (7, 8) provided the op- 
portunity for developing brusatol related compounds into 
future clinically active anticancer agents. Brusatol is 
structurally identical to bruceantin (I) [currently in the 
Phase I1 clinical trial as an anticancer agent by the Na- 
tional Cancer Institute (9)] except for a slight difference 
in the C-15 ester side chain. The C-15 ester moiety in I is 
important for its potent antileukemic activity and prob- 
ably serves as a carrier group in processes such as mem- 
brane transport of the drug into intact cells or complex 
formation as previously suggested (2, 6, 10). The impor- 
tance of the ester group which contributes to the enhanced 
antileukemic activity is also seen in other naturally oc- 
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111: n = 1; R = H 
IV: n = 2; R = H 
V: R = 3; R =  H 


VI: n = 4; R = H 
VII: n = 8; R = H 


VIII: n = 2; R = COCH, 
IX: n = 3; R = COCH, 
X: n = 4; R = COCH, 


OH 
COOCH, / 


X I : n = l  
XII: R = 3 


HO 


XI11 


curring antitumor agents (11). 
In view of the overall structural requirements for the 


antileukemic activity of I, any major degradation of the 
intact I molecule might thus lead to  the less active or in- 
active compounds. However, a minor modification by 
combining two intact active quassinoids via a diester 
linkage (such as I or 11) might yield highly active antileu- 
kemic agents with reduced toxicity as observed with 
bishelenalinyl malonate and related esters (1, 11). An 
initial examination of the antileukemic activity of bis- 
brusatolyl malonate (111) and bisbrusatolyl succinate (IV) 
against a quassinoid-sensitive strain of P-388 lymphocytic 
leukemia indicated that I11 and IV were more potent and 
less toxic than brusatol(11). For example, the optimal T/C 
% value for I11 was 272 a t  0.6 mg/kg, while for I1 it was 158 
a t  0.125 mg/kg. The synthesis and antileukemic activity 
of bisbrusatolyl and brusatolyl esters and related com- 
pounds are now reported. 


CHEMISTRY 


Bisbrusatolyl esters 111-VII were prepared by reacting brusatol I1 with 
malonic dichloride, succinic dichloride, glutaric dichloride, adipic di- 
chloride, and sebacic dichloride, respectively, in pyridine-benzene or 
pyridine-chloroform mixed solvent at room temperature. The monoa- 


I: R, = R, = R, = H; CO ’ replaces CO I (Druceantin) 
11: R ,  = R, = R, = H (brusatol) 


x 
XIV: R,  = CO ; R, = R, = H 


XVI: R, = COCH,CH,COOCH,CH,; R, = R, = H 
XV: R, = CO(CH,),CH,; R, = R, = H 


XVII: R ,  = CO ; R ,  = R, = H 
OCH3 


3’/  


XVIII: R, = CO* ; R, = R, = H 


OCH, 


XIX: R, = CO-CH=CH 25 26 a ; R , =  R , = H  


A 
XX: R, = do .; R, = H; R, = COCH, 


XXII: R, = COCH,CH,COOCH,CH,; R, = H; R, = COCH, 
XXI: R, = CO(CH,),CH,; R, = H; R, = COCH, 


I 


XXIII: R, = CO 


XXIV: R, = CO’ 4 i C H 3 ;  R, = H; R, = COCK 


OCH , 


; R, = H; R, = COCH, 


XXV: R ,  = Co ’; R , =  R, = COCH, 
XXVI: R, = CO(CH,),CH,; R, = R, = COCH, 


XXVII: R ,  = COCH,CH,COOCH,CH,; R, = R, = COCH, 


cetates (VIII-X) of the bisbrusatolyl esters IV-VI were prepared by 
acetylation using acetic anhydride-pyridine and worked up as usual. 
Catalytic hydrogenation of the C-15 ester side chain of 111 and V with 
palladium-on-carbon in ethanol gave rise to the corresponding bis-di- 
hydro derivatives XI and XII, respectively. The bistetrahydrobrusatolyl 
succinate (XIII) was prepared by esterification of tetrahydrobrusatol 
(XXXV), obtained by catalytic hydrogenation of 11, with succinic di- 
chloride. 


Encouraged by the potent antileukemic activity and reduced toxicity 
demonstrated by the bisbrusatolyl esters (111-VII) resulting from es- 
terification of the C-3 hydroxyl group of the diosphenol ring A, it was 
decided to further investigate the C-3 esters of brusatol(I1). Thus, various 
C-3 esters, such as senecioate (XIV), valerate (XV), ethyl succinate (XVI), 
3,4-dimethyl-2-pentenoate (XVII), 3’,4’,5’-trimethoxybenzoate (XVIII) , 
and cinnamate (XIX), were prepared by esterification of I1 with a cor- 
responding acyl chloride in pyridine-benzene or pyridine-chloroform 
mixed solvent at room temperature. Esterification of I1 with cinnamoyl 
chloride under these conditions yielded a (2-3, C-11 dicinnamate (XXXI) 
in addition to the C-3 cinnamate (XIX). Esterification of bruceantin (I) 
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in an analogous manner afforded its C-3,3,4-dimethyl-2-pentenoate ester 
(XXXIII). 


Esterification of C-3, C-11, and C-12 hydroxyl groups is greatly affected 
by the reaction temperature and time. The C-11 hydroxyl group is ster- 
ically hindered and resistant to esterification under mild reaction con- 
ditions like those for the selective esterification of C-3. In general, it is 
required to heat the reaction mixture up to -60" for esterification of C-11 
and C-12 hydroxyl groups other than those involving acetylation. How- 
ever, for esterification of the C-3 hydroxyl group, the reaction may be run 
a t  room temperature. The introduction of a C-3 ester was confirmed by 
examining the UV spectrum which should show the disappearance of a 
diosphenol chromophore at  A,,, 278 nm. Confirmation of the presence 
of ester moieties a t  C-11 and C-12 was achieved by observing the down- 
field shift of H-11 and H-12 resulting from such esterification. 


The mono- (XX-XXIV), di- (XXV-XXIX), and tri- (XXX) acetates 
of I1 were prepared by acetylation of the corresponding esters XIV-XIX 
with acetic anhydride in pyridine. The tri-ester (XXXII) was prepared 
by treating I1 with 3,4-dimethyl-2-pentenoyl chloride in dry benzene 
under reflux for 24 hr. The dihydro- (XXXIV) and tetrahydro- (XXXV) 


XXVIII: R, = CO ; R, = R, = COCH, 


XXIX: R, = CO-CH=CH a ; R, = R, = COCH, 


XXX: R, = R, = R, = COCH, - 
XXXI: R ,  = R, = CD-CH=CH G ; R , = H  


/=A 
XXXII: R,  = R, = R, = CO 


XXXIII: R, = CO ; R, = R, = H; 


c, ,-oco replaces C,,-OCO 


XXXIV 


xxxv 


XXXVI 


brusatol were prepared by catalytic hydrogenation of I1 with palla- 
dium-on-carbon. Sodium borohydride reduction of XXXV gave rise to 
the lactol (XXXVI). Spectral data (Table I) of all compounds (II- 
XXXIV) were in accord with the assigned structures. 


DISCUSSION 


The preliminary evaluations of the antileukemic activity of compounds 
11-XXXVI were carried out in a quassinoid sensitive strain of P-388 
lymphocytic leukemia in BDFl mice which were described previously 
(11). A comparison of the T/C % values for the antileukemic activity of 
the compounds listed in Table I1 disclosed that the bisbrusatolyl esters 
(111-VII) possessed equal or more potent activity than brusatol a t  0.6 
mgkg (compare T/C% of 272,217,176,176, and 143 for 111, IV, V, VI, and 
VII, respectively, to 149 for 11). Compound I11 followed a dose response 
curve and demonstrated potent antileukemic activity (T/C = 213,272, 
and 215% at  doses of 1.0 mg, 0.6 mg, and 0.3 mg/kg/day, respectively). 
At comparable dose levels, brusatol was either much less active or more 
toxic. Monoacetylation of the 12- and 12'-hydroxyl groups of the bis- 
esters (IV-VI) resulted in less active or inactive compounds (VIII-X), 
suggesting that the presence of such hydroxyl groups at  the 12- and 12'- 
positions are required for antileukemic activity. Reduction of the sene- 
cioate ester double bonds of 111 and V afforded the corresponding bis- 
dihydro derivatives XI and XII, in which XI (T/C = 132%) and XI1 (T/C 
= 147%) were less active than I11 and V. Saturation of the diosphenol 
double bond, as in the case of bistetrahydrobrusatolyl succinate (XIII), 
gave rise to an inactive compound. 


Compounds XIV-XIX were various C-3 esters of brusatol(I1). Again 
it was observed that the esters were more active or as active as I1 a t  0.6 
mg/kg/day (compare T/C of 185-130% of XIV-XIX to 149% of 11). 
Similarly, the C-3,3,4-dimethyl-2-pentenoate ester of bruceantin ( i . e . ,  
XXXIII), demonstrated a T/C of 194% a t  the same testing dose. Acety- 
lation of compounds XIV-XIX either a t  the 12-hydroxyl moiety or a t  
both the 11- and 12-hydroxyl groups yielded compounds XX-XXIV and 
XXV-XXIX, respectively, which showed no activity. The 11,12-diace- 
tates of 3-cinnamoyl brusatol (XXIX) and of 3-acetyl brusatol (XXX), 
as well as the 3,11,12-tri-3,4-dimethyl-2-pentenoyl brusatol (XXXII) 
were all found to be inactive. However, the 3,ll-dicinnamoyl brusatol 
(XXXI) in which the 12-hydroxyl group was free was found to give a T/C 
of 133% indicating the importance of a free hydroxyl group at  position 
12 for significant antileukemic activity. Reduction of the ester double 
bond of I1 yielded dihydrobrusatol (XXXIV), which did not decrease the 
activity. However, destruction of the enone system in ring A gave rise to 
XXXV which was much less active. Further reduction of the carbonyl 
a t  C-2 and C-16 yielded the inactive lactol (XXXVI). 


EXPERIMENTAL1 


Brusatol (11)-A solution of bruceoside-A (7,s)  (101 g, 0.148 mole) 
in 3 N sulfuric acid-methanol (l : l ,  2000 ml) was stirred at  65" for 20 hr. 
The hydrolyzed product was extracted with chloroform to give a brown 
resinous substance (76.9 9). Column chromatography of this substance 
on silica gel yielded crude brusatol (67.7 g, 86%), which was further re- 
crystallized from acetone to give I1 as colorless crystals: mp 274-277". 


Unless otherwise specified, melting points were determined on a Thomas- 
Hoover melting point apparatus and were uncorrected. IR spectra were recorded 
on a Perkin-Elmer 257 grating spectrophotometer. PMR spectra were measured 
with a Varian XL-100 instrument (tetramethylsilane). Electron impact mass spectra 
were determined on an AEI MS-902 instrument a t  70 eV using a direct inlet system. 
The field desorption mass spectra were obtained on a Varian MAT 731 mass 
spectrometer interfaced to a VG 2200 Datasystem (13). All spectra were run in a 
cyclic scanning mode with a steady increase of the emitter current from 0-50 mA. 
The sample was coated on the field desorption wire usin the dipping technique. 
The solution used for dipping contained .%lo pg of sample41 of acetone. All samples 
desorbed a t  emitter currents between 22 and 26 mA. Compounds XIV-XXXII gave 
intense [MI? and/or (M + H]+ ions. The esters of the dicarboxylic acids gave no 
molecular ions. Rather, these compounds were protonated on the ester oxygen and 
gave an ion due to simple cleavage, e.g. [a + HI+. Some showed only ions which were 
produced by the net loss of water from this simple cleavage ion. Silica gel for column 
chromatography refers to Mallinckrodt Silica AR CC7-Special; silica gel for pre- 
parative TLC refers to Merck precoated silica gel GF-254 (0.25 mm, 5 X 20 cm) 
developed with suitable solvent systems and visualized by spraying with 1% cesium 
sulfate-10% sulfuric acid solution followed by heating or by use of an UV lamp. 
Pyridine and chloroform used as solvents for reactions were predried on molecular 
sieve and anhydrous calcium chloride, respectively. Elemental analyses were per- 
formed by Integral Microlab, Inc., Raleigh, N.C. All compounds (11-XXXVI) re- 
ported gave either satisfactory elemental or mass spectral (high resolution electron 
impact or field desorption) analyses (Table 111). Also, all new compounds have been 
rigorously purified to  homogeneity by TLC in a t  least three solvent systems. High 
resolution mass spectrometry was used in lieu of combustion elemental analysis 
in many cases due to the limited supply of natural brusatol. 
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The identity of I1 as hrusatol was confirmed by a direct comparison 
(mixed melting point, TLC, and IR, PMR, and mass spectra) with an 
authentic sample. 


Synthesis of III-VII-3,3-Bisbrusatolyl malonate (III), succinate 
(IV), glutarate (V), adipate (VI), and sebacate (VII) were synthesized. 
Esterification was accomplished by treating I1 (-0.2 mmole) in dry 
pyridine (2 ml) with a solution of the corresponding malonyl (0.348 
mmole), succinyl (0.738 mmole), glutaryl (0.74 mmole), adipyl (0.74 
mmole), and sebacyl(O.215 mmole) dichlorides in dry chloroform (2 ml) 
and cooling with ice. After the mixture was stirred a t  room temperature 
for 19,19,40,20, and 20 hr, respectively, it was shaken with dilute sulfuric 
acid to remove pyridine. The product was extracted with chloroform and 
purified by preparative TLC (chloroform-acetone 1:l). 


111: pale blue crystals (19% yield); mp 191-193'; UV (ethyl alcohol) 
221 nm (log 6 4.38); IR (potassium bromide) 3450 (OH), 1730,1720 (ester 
and lactone CO), 1680 (a,@-unsaturated CO), and 1645 (C=C) cm-'. 


IV: colorless crystals (61% yield); mp 248-250'; UV (ethyl alcohol) 
221 nm (log t 4.45); IR (potassium bromide) 3480 (OH), 1730,1710 (ester 
and lactone CO), 1680 (a,P-unsaturated CO), and 1645 (C=C) cm-I. 


V: colorless crystals (39% yield); mp  166-168'; UV (ethyl alcohol) 
221 nm (log t 4.45); IR (potassium bromide) 3440 (OH), 1740,1715 (ester 
and lactone CO), 1680 (a,P-unsaturated CO), and 1640 (C=C) cm-'. 


VI: colorless crystals (53% yield); mp 239,241'; IR (potassium 
bromide) 3480 (OH), 1725 (ester and lactone CO), 1675 (a,@-unsaturated 
CO), and 1640 (C=C) cm-'. 


Table 11-Antileukemic Activity of Bisbrusatolyl and 
Brusatolyl Esters and Related Compounds against P-388 
Lymphocytic Leukemia Cell Growth in BDF, Mice 


Average 
Dose. Davs Sur- 


mglkglday viied of 
intraperi- Treated1 


Compound toneally Control TIC, %a 


I1 


111 


IV 
V 


VI 
VII 


VIII 
IX  
X 


XI 
XI1 


XI11 
XIV xv 
XVI 


XVII 
XVIII 


XIX xx 
XXI 


XXII 
XXIII 
XXIV xxv 
XXVI 


XXVII 
XXVIII 


XXIX xxx 
XXXI 


XXXII 
XXXIII 
XXXIV xxxv 
XXXVI 
5-Fluorouracil 


0.6 14.2/9.5 149 
0.3 14.3/9.5 150 
0.25 14.5/9.5 153 
0.125 15.019.5 158 
0.100 i2.8i9.5 134 
1.0 20.219.5 213 
0.6 25.819.5 272 
0.3 20.419.5 21 5 
0.25 15.5/9.5 163 
0.125 11.019.5 116 
0.100 11.019.5 116 
0.6 20.6/9.5 217 
0.6 16.719.5 176 
0.6 16.819.5 176 
0.6 13.619.5 143 
0.6 i i .2i9.5 118 
0.6 ii.6j9.5 122 
0.6 9.21/9.5 97 
0.6 12.519.5 132 
0.6 13.9/9.5 147 
0.6 10.719.5 113 
0.6 i7.6j9.5 185 
0.6 15.719.5 166 
0.6 i5.3j9.5 161 
0.6 14.219.5 149 
0.6 12.319.5 130 
0.6 13.019.5 137 
0.6 9.819.5 103 
0.6 9.919.5 104 
0.6 i i .4j9.5 i 2 0  
0.6 9.919.5 105 
0.6 10.619.5 112 
0.6 9.819.5 103 
0.6 10.319.5 109 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 


12.5 


10.419.5 
10.219.5 
9.019.5 
9.719.5 


11.2/9.5 
i2.6j9.5 
18.419.5 
14.219.5 
11.419.5 
10.219.5 


109 
107 
95 


102 
118 
133 ~~ 


194 
150 
120 
107 
166 


a A  compound is active if it exhibits a T/C 2 125% (12). 


VII colorless crystals (79% yield); mp 173-175'; UV (ethyl alcohol) 
220 nm (log t 4.60); IR (potassium bromide) 3450 (OH), 1730,1715 (ester 
and lactone CO), and 1650 (C=C) cm-'. 


General Method for t he  Synthesis VIII-X-l2,12'-Diacetoxy- 
3,3'-bisbrusatolyl succinate (VIII), glutarate (IX), and adipate (X) were 
synthesized. These 12,12'-diacetates were prepared by acetylation of the 
corresponding IV-VI with dry pyridine-acetic anhydride (1:l) for 18-24 
hr a t  room temperature with stirring followed by workup with preparative 
TLC (chloroform-acetone 1:l) purification. 


VIII: colorless crystals (42% yield); mp 204-206'; IR (potassium 
bromide) 3480 (OH), 1735 (ester and lactone CO), 1685 (a,@-unsaturated 
CO), 1640 (C=C), and 1220 (OCOCH3) cm-'. 


IX: colorless crystals (85% yield); mp 213-215'; IR (potassium 
bromide) 3440 (OH), 1740 (ester and lactone CO), 1680 (a,@-unsaturated 
CO), 1640 (C=C), and 1220 (OCOCH3) cm-l. 


X: colorless crystals (44% yield); mp 248-250'; IR (potassium bro- 
mide) 3490 (OH), 1730 (ester and lactone CO), 1680 (a,@-unsaturated 
CO), 1640 (C=C), and 1215 (OCOCH3) cm-'. 


General  Method for  t h e  Synthesis of XI and  XII-3,3'-Bis- 
22,23-dihydrobrusatolyl malonate (XI) and glutarate (XII) were syn- 
thesized. A solution of I11 (36.7 mg, 0.0331 mmole) and V (30 mg, 0.0264 
mmole) in absolute ethanol (3 and 2 ml, respectively) was hydrogenated 
in the presence of prereduced 10% palladium-on-charcoal (48 and 47 mg, 
respectively and at  65 and 70' for 8 and 48 hr, respectively). Compounds 
XI and XI1 were obtained by eluting the reaction mixture with ethanol 
through a column containing anhydrous magnesium sulfate. 


XI: colorless crystals (48% yield); mp 208-210'; IR (potassium 
bromide) 3480 (OH), 1740 (ester and lactone CO), 1680 (a,P-unsaturated 
CO), and 1640 (C=C) cm-'. 


XII: colorless crystals (83% yield); mp 223-225'; IR (potassium 
bromide) 3420 (OH), 1730, 1720 (ester and lactone CO), 1680 (a,@-un- 
saturated CO), and 1640 (C=C) cm-'. 


Synthesis of XIII-3,3'-Bis-3,4,22,23-tetrahydrobrusatolyl succinate 
(XIII) was synthesized. A solution of IV (32.65 mg, 0.0291 mmole) in 
ethanol (2 ml) was hydrogenated in the presence of prereduced 10% 
palladium-on-charcoal (58 mg) a t  60" for 44 hr until the disappearance 
of UV absorption a t  A,,, -220 nm. The product was purified directly 
by preparative TLC (chloroform-acetone 1:l) to yield XI11 as colorless 
crystals (21.65 mg, 66%): mp 280' (dec.); IR (potassium bromide) 3430 
(OH), 1735, and 1725 (ester and lactone CO) cm-'. 


General Method for t he  Synthesis of XIV-XIX and XXXI-Bru- 
satol-3-yl senecioate (XIV), valerate (XV), ethyl succinate (XVI), 3,4- 
dimethyl-2-pentenoate (XVII), 3',4',5'-trimethoxybenzoate (XVIII), 
cinnamoate (XIX), and brusatol-3,ll-diyl dicinnamoate (XXXI) were 
synthesized. These esters were prepared by treatment of I1 (105 mg, 4 . 2  
mmole) in dry pyridine (2 ml) with a solution of the corresponding 
senecioyl (171 mg, 1.44 mmoles), valeryl (170 mg, 1.41 mmoles), ethyl 
succinyl(64 mg, 0.43 mmole), 3,4-dimethyl-2-pentenoyl(lO6.4 mg, 0.726 
mmole), 3',4',5'-trimethoxybenzoyl (154 mg, 0.67 mmole, in 10 ml of dry 
benzene), and cinnamoyl (166.6 mg, 1.00 mmole) chlorides in dry chlo- 
roform (2 ml) under cooling with ice. After the mixture was stirred at  
room temperature for 2,24,20,28,50, and 24 hr, respectively, and worked 
up in a manner analogous to the synthesis of 111-VII, it was subjected to 
preparative TLC using chloroform-acetone 1O:l  for XW, XVII, XIX, 
and XXXI, and chloroform-acetone 1:l for XV, XVI, and XVIII. 


XIV: colorless crystals (83 mg, 66% yield); mp 143-145"; IR (po- 
tassium bromide) 3400 (OH), 1725, 1710 (ester and lactone CO), 1675 
(a,@-unsaturated CO), and 1635 (C=C) cm-l. 


XV: colorless crystals (81 mg, 64% yield); mp 156-158'; IR (potas- 
sium bromide) 3480 (OH), 1740 (ester and lactone CO), 1680 (a,p-un- 
saturated CO), and 1640 (C=C) cm-l. 


XVI: colorless crystals (115 mg, 90% yield); mp 198-200'; IR (po- 
tassium bromide) 3460 (OH), 1730, 1715 (ester and lactone CO), 1680 
(a,@-unsaturated CO), and 1640 (C=C) cm-'. 


XVII: colorless crystals (83 mg, 65% yield); mp 145-147'; IR (po- 
tassium bromide) 3400 (OH), 1720, 1710 (ester and lactone CO), 1670 
(a,P-unsaturated CO), and 1635 (C=C) cm-l. 


XVIII: colorless crystals (124 mg, 82% yield); mp 147-149'; IR 
(potassium bromide) 3460 (OH), 1730,1710 (ester and lactone CO), 1680 
(a,P-unsaturated CO), and 1640 (C=C) cm-'. 


XIX: colorless crystals (103 mg, 80% yield); mp 253-255'; IR (PO- 
tassium bromide) 3400 (OH), 1730, 1710 (ester and lactone CO), 1690 
(a,P-unsaturated CO), and 1630 (C=C) cm-'. 


XXXI: colorless crystals (16.4 mg, 11% yield); mp 168-170'; IR 
(potassium bromide) 3400 (OH), 1730,1720 (ester and lactone CO), 1680 
(a,P-unsaturated CO), and 1630 (C=C) cm-'. 


General  Method for  Synthesis of XX-XXX-12-Acetoxybrusatol- 
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Table 111-Analytical Data of Bisbrusatolyl and Brusatolyl Esters and Related Compounds 


Theory, % Found,  9i 


Compound Empirical Formula C H C H 


Characteristic Ionsa 
in the  Field Desorp- 
t ion Mass Spectrum 


I11 C55H64024 (1108) 
IV C56H66024 (1122) 
V C57H68024 (1136) 


VI c ~ ~ H , ~ o ~ ~  (1150) 
VII C62H78024 


VIII C60H70026 
C60H70026H20 58.92 


C61H72026'H20 59.56 
IX C61H72026 


X C62H74026 


XI CSSH68024 


XI1 C57H72024 (1140) 
XI11 C56H74024 (1130) 
XIV C3iH380iz (602) 
xv C31H40012 (604) 


XVI C32H40014 (648) 
XVII C33H42012 (630) 


XVIII C36H42015 (714) 
C36H,201 SIhH2O 59.75 


XIX C35H38012  (650) 
xx C33H40013 (644) 


XXI C33H4zOi3 (646) 
XXII C34H42015  (690) 


XXIII C 3 5 H 4 4 0 1 3  (672) 
XXIV C38H44016 (756) 


C38H44016'/2H20 59.60 
xxv C35H42014 (686) 


XXVI C3SH44014 (688) 
XXVII C36H44016 (732) 


XXIX C39H42Ot4 (734) 
XXVIII C37H46O +(714) 


C39H42014'H20 62.98 5.78 63.00 5.80 
xxx 59.43 5.92 59.13 6.20 


__ 


XXXI 
XXXII 


aThe most intense ion is reported. 
3-yl senecioate (XX), 11,12-diacetoxybrusatol-3-yl senecioate (XXV), 
12-acetoxybrusatol-3-yl valerate (XXI), 11,12-diacetoxybrusatol-3-yl 
valerate (XXVI), 12-acetoxy-brusatol-3-yl ethyl succinate (XXII), 
11,12-diacetoxybrusato1-3-yl ethyl succinate (XXVII), 12-acetoxybru- 
satol-3-yl 3,4-dimethyl-2-pentenoate (XXIII), 11,12-diacetoxybrusa- 
tol-3-yl3,4-dimethyl-2-pentenoate (XXVIII), 12-acetoxybrusatol-3-yl 
3',4',5'-trimethoxybenzoate (XXIV), 11,12-diacetoxybrusatol-3-yl cin- 
namoate (XXIX), and 11,12-diacetoxybrusatol-3-yl acetate (XXX) were 
synthesized. Acetylation of XIV (58.8 mg, 0.098 mmole), XV (49 mg, 0.081 
mmole), XVI (69 mg, 0.106 mmole), XVII (84 mg, 0.133 mmole), and 
XVIII (25 mg, 0.0342 mmole) with 2 ml of dry pyridine-acetic anhydride 
(1:l) a t  room temperature for 21-24 hr yielded the corresponding 12 
mono- and 11,12 diacetates XX, XXV, XXI, XXVI, XXII, XXVII, 
XXIII, XXVIII, and XXIV, respectively. Similar acetylation of XIX (50 
mg, 0.0769 mmole) for 68 hr gave XXIX. Compound XXX was prepared 
according to a literature method (14). All of these acetates (XX-XXIX) 
were purified by preparative TLC using 1:l chloroform-acetone for XX, 
XXV, XXII, XXVII, XXIII, and XXVIII, and 1O:l chloroform-acetone 
for XXI, XXVI, XXIV, and XXIX. 


XX: colorless crystals (26.7 mg, 42% yield); mp 180-182'; IR (po- 
tassium bromide) 3440 (OH), 1740, 1720 (ester and lactone CO), 1680 
(a,@-unsaturated CO), 1635 (C=C), and 1220 (OCOCH3) cm-'. 


XXV: colorless crystals (9.1 mg, 14% yield); mp 126-128'; IR (po- 
tassium bromide) 1730,1710 (ester and lactone CO), 1680 (a,p-unsatu- 
rated CO), 1635 (C=C), and 1215 (OCOCHs) cm-'. 


XXI: colorless crystals (31 mg, 59% yield); mp 116-118'; IR (po- 
tassium bromide) 3480 (OH), 1735 (ester and lactone CO), 1680 (a,@- 
unsaturated CO), 1640 (C=C), and 1222 (OCOCH3) cm-'. 


XXVI: colorless crystals (15 mg, 27% yield); mp 169-170"; IR (po- 
tassium bromide) 1740 (ester and lactone CO), 1680 (a,@-unsaturated 
CO), 1640 (C=C), 1220, and 1135 (OCOCH3) cm-'. 


XXII: colorless crystals (52.2 mg, 71% yield); mp 170-172'; IR 
(potassium bromide) 3440 (OH), 1730,1720 (ester and lactone CO), 1680 
(a,@-unsaturated CO), 1635 (C=C), and 1220 (OCOCH3) cm-'. 


5.89 


5.94 


58.98 


59.59 


5.89 


5.95 


5.94 59.53 5.94 


5.88 59.99 5.18 


520 [ a  + HI' 
502 [ a  + H - H,O]* 
502 [a  + H - H,O]+ 
502 [a  + H - H,O]' 
502 [a + H - H20]' 
544 [a  + H - H20]' 


544 [a  + H - H20]+ 


544 [a + H - H,O]+ 
522 [ b  + HI' 
522 Tb + H1' 
506 ic + H 1 H,O]+ 
602 M? 
605 [M + HI' 
649 TM + H1' 
631 [M + Hj' 
714 M? 


650 M? 
644 M' 
646 M? 
691 [M + HI' 
672 M? 
756 Mt 


686 M? 
688 M? 
732 M? 
714 M' 
734 M? 


780 M? 
850 M' 


XXVII: colorless crystals (22.85 mg, 29% yield); mp 218-220'; IR 
(potassium bromide) 1730 (ester and lactone CO), 1680 (a,@-unsaturated 
CO), 1645 (C=C), and 1220 (OCOCHB) cm-'. 


XXIII: colorless crystals (46.2 mg, 52% yield); mp 178-180'; IR 
(potassium bromide) 3440 (OH), 1735,1720 (ester and lactone CO), 1680 
(a,@-unsaturated CO), 1635 (C=C), and 1225 (OCOCH3) cm-l. 


XXVIII: colorless crystals (14.8 mg, 16% yield); mp 160-162'; IR 
(potassium bromide) 1750,1720 (ester and lactone CO), 1680 (a,@-un- 
saturated CO), 1640 (C=C), and 1220 (OCOCHS) cm-'. 


XXIV colorless crystals (8.1 mg, 31% yield); mp 178-180'; IR 
(potassium bromide) 3440 (OH), 1730,1720 (ester and lactone CO), 1680 
(a,@-unsaturated CO), 1640 (C=C), and 1210 (OCOCH3) cm-I. 


XXIX: colorless crystals (27.1 mg, 48% yield); mp 268-270' (dec.); 
IR (potassium bromide) 1735, 1720 (ester and lactone CO), 1690 (a,@- 
unsaturated CO), 1630 (C=C), and 1220 (OCOCH3) cm-'. 


General  Synthesis of XXXII-Brusatol-3,11,12-triyl3,4-dimethyl- 
2-pentenoate (XXXII) was synthesized. T o  a solution of 3,4-dimethyl- 
2-pentenoic acid chloride (107 mg, 0.728 mmole) in dry benzene (10 ml) 
was added I1 (104 mg, 0.20 mmole). The mixture was refluxed for 24 hr 
and purified by preparative TLC (chloroform-acetone, 1O:l). 


XXXII: colorless crystals (159.5 mg, 94% yield); mp 98-101O; IR 
(potassium bromide) 1720 (ester and lactone CO), 1685 (a,@-unsaturated 
CO), and 1635 (C=C) cm-'. 


Bruceantin-3-yl 3,4-Dimethyl-2-pentenoate (XXXII1)-Com- 
pound XXXIII was prepared according to the method of Okano and Lee 
(15). 


22,23-DihydrobrusatoI (XXX1V)-This was prepared according to 
the method of Sim et nl. (14). 


Synthesis of XXXV-A solution of XXXIV (190 mg) in absolute 
ethanol (10 ml) was shaken with hydrogen at  65' and atmospheric 
pressure for 48 hr with 10% palladium-on-charcoal (200 mg). The filtered 
solution was evaporated to yield colorless crystals of 3,4,22,23-tetrahy- 
drobrusatol (XXXV) after purification by preparative TLC. 


XXXV mp 252-253'; IR (potassium bromide) 3440 (OH), and 1715 
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(ester and lactone CO) cm-’. PMR (CDC13) 6 0.99 (d, J = 6 Hz, 9H, CH3-4 
and two CH3-23), 1.40 (s, CH3-10), 3.86 (s, COOCHd, and 6.40 (d, J = 


Anal.-Calc. for C26H36011: m/z 524.2255 (M’). Found: m/z 
524.2259. 


Compound XXXV could also be prepared by hydrogenation of I1 (504 
mg) in 90% ethanol (100 ml) with platinum oxide (50 mg) in water at  room 
temperature and atmospheric pressure. The reaction mixture was filtered 
by use of a silica gel column. The filtered solution was evaporated to yield 
colorless XXXV (498 mg). 


Synthesis of XXXVI-To a solution of XXXV (66 mg) in methyl al- 
cohol (10 ml) was added a solution of sodium borohydride (2 mg) in water 
(5 ml). The mixture was stirred at  room temperature for 23 hr and then 
subjected to preparative TLC (chloroform-acetone 1:l) to give 2-hy- 
droxy-2-deoxytetrahydrobrusatol lactol (XXXVI) as colorless crystals 
(31.6 mg). 


XXXVI: mp 121-123”; IR (potassium bromide) 3440 (OH), 1715 
(ester CO), 1040 (cyclic sec-OH); PMR (CDC13) 6 0.91 (d, J = 6 Hz, 9H, 
CH3-4 and two CH3-23), 1.50 (5, CH3-10), 3.81 (9, COOCHd, 4.13 (m, 
H-12), 4.20 (m, H-11), 4.60 (m, H-2 and H-3) and 5.52 (m, H-15 and H- 
16). 


Anal.-Calc. for C26H4001~: m/z 528.2571 (M+). Found: m/z 
528.2573. 


13 Hz, H-15). 
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Abstract A series of esters of brusatol, bisbrusatol, and bruceantin 
were shown to have potent antileukemic activity. Antineoplastic activity 
was correlated with the ability of the compounds to suppress DNA and 
protein synthesis in P-388 lymphocytic leukemia cells. Compounds with 
high T/C% values successfully inhibited DNA polymerase activity and 
purine synthesis. The ability to inhibit protein synthesis during the 
elongation process also correlated positively with high antileukemic ac- 
tivity in this series of quassinoids. Dihydrofolate reductase activity and 
basal and adenosine diphosphate stimulated respiration of P-388 cells 
were also inhibited. 


Keyphrases 0 Brusatol-esters, in uitro effects on nucleic acid and 
protein synthesis, P-388 lymphocytic leukemia cells 0 Bisbrusatol- 
esters, in uitro effects on nucleic acid and protein synthesis, P-388 lym- 
phocytic leukemia cells Antitumor agents-in uitro effects of brusatol, 
bisbrusatol, and related compounds on nucleic acid and protein synthesis, 
P-388 lymphocytic leukemia cells 


Bruceantin was first isolated from Brucea antidysen- 
terica (1,2) and is currently in Phase I1 clinical trials as an 
antineoplastic agent (3,4). Brusatol, a derivative of bru- 


ceantin, was prepared by Lee et al. (5,6) and shown to be 
active against P-388 lymphocytic leukemia cell growth (7). 
This laboratory demonstrated that bruceantin and bru- 
satol reduced nucleic acid and protein synthesis (7, 8), 
purine synthesis (7), and oxidative phosphorylation pro- 
cesses (8) of P-388 cells. Based on the observation that a 
number of potent antileukemic agents have an ester in 
their structure, a series of brusatol related esters as well 


OH 


b H  
I: Bruceoside-A 


0022-35491 821 0300-0345$0 1.001 0 
@ 1982, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 345 
Vol. 71, No. 3, March 1982 












EDITORIAL 


An Updated Review of the “Drug Lag” 


At the time this editorial is being written-and which, 
due to the lead-time necessitated by the Journal’s pro- 
duction schedule, is long before our subscribers will have 
an opportunity to read it-the public press and broadcast 
media are filled with widely contradictory assessments as 
to whether the United States or the Soviet Union currently 
enjoys overall military superiority. 


In many respects, this debate reminds us of a similar one 
in the health care field which has raged on with comparable 
intensity and, seemingly, for as lengthy a period of time. 
We refer to the so-called “drug lag”-a highly controversial 
subject which we have addressed in editorials on several 
previous occasions and most particularly in the April 1978 
issue of this journal. 


All sorts of data, statistics, and “evidence” are paraded 
out by those on each side of the question in an attempt to 
prove their claim that either (a )  in this country, drugs are 
approved much more slowly than in other developed na- 
tions, with the result that the American public is deprived 
of significant public health benefits, or ( b )  there really is 
little, if any, difference in the speed of US. drug approvals 
when compared across the board with other major na- 
tions. 


Furthermore, it cannot be claimed that the issue has 
suffered from lack of attention or study. Indeed, at least 
four separate analyses have either just been completed or 
are about to be so. 


These include: (a)  a study by the FDA’s Office of 
Planning and Evaluation, which was released in mid- 
March 1982; ( b )  another study conducted at George 
Washington University under a contract from FDA’s New 
Drug Evaluation Division, which also was released in 
mid-March 1982; ( c )  an analysis being conducted by the 
FDA Commissioner’s Task Force on New Drug Review, 
which is soon to submit its report through Health and 
Human Services Secretary Richard S. Schweiker; and ( d )  
the findings and recommendations of the Federal Drug 
Approval Process Commission, a body sponsored by the 
U.S. Congress and serving under the chairmanship of F. 
Gilbert McMahon of Tulane University. A t  the time of our 
writing, this latter body was circulating a “final draft” 
version of its recommendations, and the formal report it- 
self was due to be released almost any day. 


Hopefully, each of these studies in its own way will 


contribute to an understanding of the process and to im- 
provements in its operation. 


But even while these studies were still under way, we 
noted a number of new drug approvals that were an- 
nounced with accompanying FDA statements that the 
approval was processed in some sort of expedited manner. 
Two of the most recent “fast-track” drug approvals in- 
cluded the antiviral herpes agent, acyclovir, which cleared 
FDA in less than 9 months, and the calcium channel 
blocker, verapamil, which completed all its FDA processing 
in just over a year from first filing. 


These examples-and several similar ones-demon- 
strate that, given the right set of circumstances, FDA drug 
approval can be quite swift. 


Finally, we were especially impressed with an FDA 
year-end report released in early January of this year, in 
which it was claimed that over twice as many new drug 
entities were approved during 1981 (27 in all) as compared 
with 1980 (12 in all). Furthermore, the FDA’s statistics 
showed that the average period from submission of ap- 
plication to final approval for marketing of new chemical 
entities has dropped from 37.5 months in 1979 to 31.2 
months in 1981. With respect to the “fast-track” drugs, the 
decline was even more dramatic: from 17 months in 
1976-78 to just 10 months in the 1979-81 period. 


Even the General Accounting Office-not known for 
handing out very many good “report cards”-issued a 
conclusion to an investigation it completed in late 1981, 
which stated that the FDA, since 1978, has “approved more 
drugs in less time than before, despite an increased 
workload. ” 


All of this suggests to us that if truly there ever was a 
drug lag, it no longer exists-or is a t  least of manageable 
proportions and susceptible to administrative remedies 
within the regulatory agency. Consequently, new legisla- 
tion or major changes in the pertinent existing regulations 
would now appear to be of doubtful value. 


Indeed, legislative or regulatory tinkering could actually 
prove to be more disruptive than beneficial, insofar as 
expediting the judicious approval of new drugs. With those 
thoughts in mind, we personally would recommend that, 
for the immediate future anyway, Congress “cool it” with 
respect to amending the present drug approval provisions 
of the Federal Food, Drug, and Cosmetic Act. 


-EDWARD G. FELDMANN 
American’Pharmaceutical Association 


Washington, DC 20037 
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pharmaceutic and pharmacokinetic parameters associated 
with a drug. The process needs to be better understood to 
allow reasonable interpretation of the pharmacokinetic 
data obtained for drugs that are recycled. The data pre- 
sented here reflect the simplest case; discontinuous re- 
cycling, which is associated with gall bladder storage and 
emptying, is even more complex (1). 
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(1) W. A. Colburn, J .  Pharrnacokinet. Biopharm., in press. 
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REVIEWS 


Basic Clinical Pharmacokinetics. By MICHAEL E. WINTER, with 
BRIAN S. KATCHER and MARY ANNE KODA-KIMBLE. Applied 
Therapeutics, P.O. Box 31-747, San Francisco, CA 94131. 1980. 231 
pp. 14.8 X 22.7 cm. Price $22.00. 
Pharmacokinetics and biopharmaceutics are well-established disci- 


plines. Their contributions in describing drug disposition, and predicting 
plasma drug concentrations and changes in drug concentrations are 
generally recognized. During the past decade, evaluation of drug con- 
centrations in biological fluids has found wide acceptance as part of drug 
therapy monitoring. The authors view this book as a practical guideline 
for the clinician in evaluating drug monitoring. 


The book is divided into two parts. The first part gives a brief overview 
of the basic principles of pharmacokinetics dealing with bioavailability, 
rate of administration, desired plasma concentration, volume of distri- 
bution, clearance, elimination, steady-state concentrations, interpretation 
of plasma drug concentrations, selection of appropriate equations, and 
creatinine clearance. At the end of the first part, a very instructive di- 
agram is given for evaluation and interpretation of plasma levels. This 
diagram will be very helpful for any clinician confronted with blood level 
data interpretation. 


Part  2 discusses the clinical pharmacokinetics of drugs usually moni- 
tored by a clinical pharmacokinetics service. The following drugs are 
covered: digoxin, lidocaine, procainamide, quinidine, theophylline, 
gentamicin, phenobarbital, and phenytoin. For each of these drugs, 
therapeutic and toxic plasma levels, bioavailability, if applicable, and 
the most important pharmacokinetic parameters (i .e. ,  volume of distri- 
bution, clearance, and elimination half-life) are covered. Where appli- 
cable, the influence of age, disease, and other concomitantly given drugs 
on drug disposition is discussed. 


This section, which is well referenced, is followed by a selection of 
typical clinical cases, along with the pharmacokinetic approach for so- 
lution. The calculations are listed stepwise so that even one who is inex- 
perienced in pharmacokinetics can easily follow. This section will be of 
great value to anyone interested in or practicing clinical pharmacoki- 
netics, as well as for teaching undergraduate and graduate students. Al- 
though only a few drugs are discussed in detail, once one masters these 
problem cases, the principles can be applied and tailored to many more 
drugs. 


The book contains three appendixes: I, nomograms for calculating body 
surface area of children and adults; 11, a listing of equations used 
throughout the text; and 111, a glossary of terms and abbreviations. 


In summary, this is a well-written and well-designed text which in- 
corporates the most important basic principles of basic and clinical 
pharmacokinetics. As such, the book will be of great value to all those 
involved in clinical pharmacokinetics and drug monitoring, particularly 


those who are entering the field. The authors have to be congratulated 
for writing such a well-organized guideline to the practical approach of 
drug level monitoring. 


Reuiewed by W. A. Ritschel 
College of Pharmacy and 


College of Medicine, 
University of Cincinnati 
Medical Center 
Cincinnati, OH 45267 


GC/MS Assays for  Abused Drugs in Body Fluid. NIDA Research 
Monograph 32. By RODGER L. FOLTZ, ALLISON F. FENTIMAN, 
and RUTH B. FOLTZ. National Institute on Drug Abuse, Division of 
Research, 5600 Fishers Lane, Rockville, MD 20857. 1980.202 pp. 14 
X 23 cm. Price $5.00. (Available from Superintendent of Documents, 
US. Government Printing Office, Washington, DC 20402. Specify GPO 
stock no. 017-024-01015-4.) 
This monograph, prepared by authors who are well versed in the areas 


of analytical methodology and drug abuse, should be valuable to inves- 
tigators interested in quantitating drugs in biological fluids. This work 
is actually a compilation of assays used for measuring the levels of drugs 
most often misused. 


This volume (13 chapters) includes an introduction and a discussion 
of experimental considerations and operations common to all of the assays 
(Chapter 2), and each remaining chapter is devoted to a particular drug 
that is commonly abused. The inclusion of Chapter 2 (which deals with 
the basics of obtaining internal standards, preparing calibration curves, 
sample extractions, performance evaluation of the gas chromatograph- 
mass spectrometer, etc.)  is an ideal approach since it greatly reduces 
excessive repetition that would have been required in each of the suc- 
ceeding chapters. The authors recommend that investigators concentrate 
on Chapter 2 along with the specific chapter for the drug in question. 


Each succeeding chapter is devoted to one of the following drugs of 
abuse: phencyclidine, methaqualone, methadone, A9-tetrahydrocanna- 
binol and two of its metabolites (11-hydroxy-A9-THC and 11-nor-9- 
carboxy-Ag-THC), cocaine and its major metabolite (benzoylecgonine), 
morphine, diazepam and its major metabolite (N-desmethyldiazepam), 
amphetamine, methamphetamine, 2,5-dimethoxy-4-methylampheta- 
mine, and mescaline. Each chapter begins with a brief historical de- 
scription of the drug followed by a synopsis of its pharmacological effects. 
A discussion on pharmacokinetics and metabolism examines which bi- 
ological fluid should be chosen for assay and whether metabolites should 
be quantitated. Then the sensitivity and selectivity of most of the tech- 
niques (e.g., spectrometry, gas chromatography, and radioimmunoassay) 
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(ester and lactone CO) cm-’. PMR (CDC13) 6 0.99 (d, J = 6 Hz, 9H, CH3-4 
and two CH3-23), 1.40 (s, CH3-10), 3.86 (s, COOCHd, and 6.40 (d, J = 


Anal.-Calc. for C26H36011: m/z 524.2255 (M’). Found: m/z 
524.2259. 


Compound XXXV could also be prepared by hydrogenation of I1 (504 
mg) in 90% ethanol (100 ml) with platinum oxide (50 mg) in water at  room 
temperature and atmospheric pressure. The reaction mixture was filtered 
by use of a silica gel column. The filtered solution was evaporated to yield 
colorless XXXV (498 mg). 


Synthesis of XXXVI-To a solution of XXXV (66 mg) in methyl al- 
cohol (10 ml) was added a solution of sodium borohydride (2 mg) in water 
(5 ml). The mixture was stirred at  room temperature for 23 hr and then 
subjected to preparative TLC (chloroform-acetone 1:l) to give 2-hy- 
droxy-2-deoxytetrahydrobrusatol lactol (XXXVI) as colorless crystals 
(31.6 mg). 


XXXVI: mp 121-123”; IR (potassium bromide) 3440 (OH), 1715 
(ester CO), 1040 (cyclic sec-OH); PMR (CDC13) 6 0.91 (d, J = 6 Hz, 9H, 
CH3-4 and two CH3-23), 1.50 (5, CH3-10), 3.81 (9, COOCHd, 4.13 (m, 
H-12), 4.20 (m, H-11), 4.60 (m, H-2 and H-3) and 5.52 (m, H-15 and H- 
16). 


Anal.-Calc. for C26H4001~: m/z 528.2571 (M+). Found: m/z 
528.2573. 


13 Hz, H-15). 
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Abstract A series of esters of brusatol, bisbrusatol, and bruceantin 
were shown to have potent antileukemic activity. Antineoplastic activity 
was correlated with the ability of the compounds to suppress DNA and 
protein synthesis in P-388 lymphocytic leukemia cells. Compounds with 
high T/C% values successfully inhibited DNA polymerase activity and 
purine synthesis. The ability to inhibit protein synthesis during the 
elongation process also correlated positively with high antileukemic ac- 
tivity in this series of quassinoids. Dihydrofolate reductase activity and 
basal and adenosine diphosphate stimulated respiration of P-388 cells 
were also inhibited. 


Keyphrases 0 Brusatol-esters, in uitro effects on nucleic acid and 
protein synthesis, P-388 lymphocytic leukemia cells 0 Bisbrusatol- 
esters, in uitro effects on nucleic acid and protein synthesis, P-388 lym- 
phocytic leukemia cells Antitumor agents-in uitro effects of brusatol, 
bisbrusatol, and related compounds on nucleic acid and protein synthesis, 
P-388 lymphocytic leukemia cells 


Bruceantin was first isolated from Brucea antidysen- 
terica (1,2) and is currently in Phase I1 clinical trials as an 
antineoplastic agent (3,4). Brusatol, a derivative of bru- 


ceantin, was prepared by Lee et al. (5,6) and shown to be 
active against P-388 lymphocytic leukemia cell growth (7). 
This laboratory demonstrated that bruceantin and bru- 
satol reduced nucleic acid and protein synthesis (7, 8), 
purine synthesis (7), and oxidative phosphorylation pro- 
cesses (8) of P-388 cells. Based on the observation that a 
number of potent antileukemic agents have an ester in 
their structure, a series of brusatol related esters as well 


OH 


b H  
I: Bruceoside-A 
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OH 


11: Brusdtol: R, = R, = R, = H, R, = 4 
co 


A 111: Bruceantin: R ,  = R, = R, = H, R, = 


co 


IV: Brusatol triacetate: R,  = R, = R, = COCH,, R, = r( 
co 


V: Bruceolide: R ,  = R, = R, = R, = H 


VI: 34 3,4-Dimethyl-2-pentenoyl)bruceolide: 


R ,  = /==& , R , = R , = R , = H  
co 


VII: 3-(3,4-Dimethyl-2-pentenoy))bruceantin: 


R I 4  = R  = A, R , = R , = H  


co 
VIII: 12-Acetyl-3,15-disenecioyl bruceolide: 


R,  = R, = / 7, R, = H, R, = COCH, 
co 


IX: 3,15-Disenecioyl bruceolide: 


R 1 4  = R  = / = ( , R , = R , = H  
co 


as bisbrusatolyl esters and related moieties were synthe- 
sized. These compounds were tested for antineoplastic 
activity and were active against P-388 lymphocytic leu- 
kemia growth (10). These ester derivatives of brusatol were 
examined for their in vitro effects on nucleic acid and 
protein synthesis of P-388 cells and the results are now 
reported. 


EXPERIMENTAL 


The compound bruceoside-A (I) was originally isolated from Brucea 
jauanica (5). Brusatol(I1) was obtained by treating bruceoside-A with 
3N HzSO4-methanol (1:l) to hydrolyze the glycosidic linkage (5, 6). 
Bruceantin (111) was obtained from bruceoside-A by synthetic methods 
(11). The chemical synthesis, purification, and physical characterization 


OR1 


X: Bis-l2,12'-diacetyl brusatolyl succinate:  


XI: Bisbrusatolyl adipate:  R ,  = R, = H, n = 4 
XII: Bisbrusatolyl glutarate: R ,  = R, = H, n = 3 


XIII: Bisbrusatolyl succinate:  R ,  = R, = H, n = 2 
XIV: Bisbrusatolyl malonate:  R ,  = R, = H, n = 1 


R, = R, = COCH,, n = 2 


XV: Bisdihydrobrusatolyl succinate 


of compounds IV-XIX, i.e.,  brusatol esters, bisbrusatolyl esters, and 
related derivatives, were reported recently by this laboratory (10, l l ) .  


Antileukemic Screen-The UNC P-388 lymphocytic leukemia tumor 
line was maintained in DBAI2 male mice (-20 g) by inoculation with 106 
P-388 cells on day 0, intraperitoneally. The tumor was transferred on day 
8 to BDFl male mice (-18 g) for the testing of new agents. Test drugs were 
suspended by homogenization in 0.05% polysorbate 80 and administered 
0.6 mg/kg intraperitoneally on days 1-14, utilizing 5-fluorouracil as a 
standard (12). 


In Vitro Incorporation Studies-BDF1 (C57B1/6 X DBA/j) male 
mice were inoculated with 106 tumor cells as previously described. On 
day 9, the P-388 ascites cells were collected from the peritoneal cavity. 
In uitro incorporation studies (8) were carried out using lo6 P-388 cells 
in minimum essential medium in 10% fetal calf serum and either 1 pCi 
of [6-3H] thymidine (21.8 Ci/mmole), [6-3H]uridine (22.4 Ci/mmole) or 
[4,5-3H(N)]-~-leucine (56.5 Ci/mmole) in a total volume of 1 ml and in- 
cubated for 90 rnin at  37'. The final concentration of I-XIX was 10 p M .  
Thymidine incorporation into DNA was terminated with perchloric acid 
containing pyrophosphate which was filtered on glass fiber paper by 
vacuum suction. The control value was 137,346 dpm/1O6 cells/90 min. 
RNA and protein incorporation assays were terminated with trichloro- 
acetic acid and the macromolecule was collected on nitrorellulose 
membrane filter paper. The acid insoluble precipitates on the filter papers 
were placed in scintillation vials and counted in a toluene-oxtoxynol 
scintillation fluid. The control value for uridine incorporation was 36,442 
dpm/106 cells/90 rnin and for leucine incorporation into protein the value 
was 8477 dpm/106 celld9O min. Nuclear DNA polymerase activity was 
determined on isolated P-388 lymphocytic leukemia cell nuclei. The in- 
cubation medium was that used by Sawada et al. (13) except that  
[I4C]thymidine triphosphate (78.1 Ci/mmole) was used; the insoluble 
nucleic acids were collected on glass fiber paper discs', resulting in a 
control value of 24,568 dpm/mg nucleic protein. [14C]Formic acid in- 
corporation into purines was measured using 0.5 pCi of [l*C]formic acid 
(4.95 mCi/mmole) (14). The reaction medium was spotted on silica gel 
TLC plates and eluted with n-butanol-acetic acid-water (4:1:5). Using 
adenosine and guanosine as standards, the plates were scraped and the 
radioactivity determined. The control value was 10,621 dpm/mg of pro- 
tein. Dihydrofolate reductase was determined by a spectrophotometric 
method (15) based on the rate of disappearance of 0.1 pmole of reduced 
NADP. The control resulted in an absorbance difference of 0.760 0.d. 
unit/hr/mg of protein using a 600Xg (10 min) supernate. 


Utilizing a test system (7) that  differentiates between initiation and 
elongation inhibitors of protein synthesis, P-388 tumor cells were ho- 
mogenized and incubated in tromethamine buffer (pH 7.6) containing 
KCl, MgC12, adenosine triphosphate, guanosine triphosphate, phos- 
phoenolpyruvate, pyruvate kinase, dithiothreitol, the 19 basic amino 
acids, and [3H]leucine (56.5 Ci/mmol) for 0-14 rnin a t  37'. Test drugs 
were added at  10 p M  concentration to the incubation medium 90 sec after 
initiating the experiment. Samples were taken from the assay medium 
a t  1 min intervals and spotted on filter paper2. The reaction was termi- 
nated with trichloroacetic acid and the protein extracted and counted. 
The test drugs were compared to the standards pyrocatechol violet, an 
initiator inhibitor, and emetine, an elongation inhibitor of protein syn- 
thesis a t  75 pmoles. Oxidative phosphorylation studies were carried out 
on 9 day P-388 cells (9). Oxygen consumption was measured with an 
oxygen electrode3 connected to an oxygraph. The reaction vessel con- 
tained 55 pmoles of sucrose, 22 pmoles of monobasic potassium phos- 
phate, 22 pmoles of potassium chloride, 90 pmoles of succinate or 60 
pmoles of a-ketoglutarate as substrate, and 22 pmoles of adenosine tri- 
phosphate. Test drugs were present in a final concentration of 10 p M .  
After the basal metabolic level (state 4) was obtained, 0.257 pmole of 


CFIF. 
Whatman No. 3 


3 Clark. 
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OH OH 
I 


HO 


HO 


XIX: 2-Hydroxy-2-deoxotetrahydrobrusatol lactol 


(XVI. XVII. and XIX). Esterification of I1 at C-3 afforded VII and IX XVI: Bistetrahydrobrusatolyl succinate 
adenosine diphosphate was added to the vessel to obtain the adenosine 
diphosphate-stimulated respiration rate (state 3). The control values for 
states 4 and 3 respiration were 11.44 and 20.76 pl of oxygen consumed/ 
min/mg of protein, respectively, using succinate as substrate. When 
a-ketoglutarate was used as substrate, states 4 and 3 respiration were 
10.01 and 19.17 pl of oxygen consumed/min/mg of protein. 


RESULTS 


Using a dose of 0.6 mg/kg/day, compounds 11,111, V-VII, IX, XI-XV, 
and XVIII demonstrated significant inhibitory activity against P-388 
lymphocytic leukemia cell growth in BDFl mice. The bisbrusatolyl esters 
(XI-XIV) were in general more potent than brusatol (II), especially the 
succinate (XIII) and the malonate (XIV) with T/C = 217 and 272%, re- 
spectively. Reduction of the C-15 ester double bond did not decrease the 
activity (compare XV to XI11 and XVIII to 111). However, saturation of 
the diosphenol double bond gave either less active or inactive compounds 


OH 


I H  a 
XVII: Tetrahydrobrusatol 


OH 


I H  H 


XVIII: Dihydrobrusatol 


Table 1--In Vitro Effects of Quassinoids on Nucleic Acid and Pro 


which were more active than 11. Acetylation of hydroxyl groups at C-11 
and C-12 gave compounds (IV, VIII, and X) which were either less active 
or inactive, indicating the importance of these hydroxyl groups for en- 
hanced antileukemic activity. 


Examination of the in uitro incorporation studies in P-388 lymphocytic 
leukemia cells demonstrated that compounds 11,111, VII, IX, XI-XIV, 
and XVIII suppressed thymidine incorporation into DNA 41-59%. These 
same compounds inhibited uridine incorporation into RNA 16-59%. 
L-Leucine incorporation into protein was suppressed more than 70% by 
XIV and VIII and more than 50% by I1 and IX. Compounds 111, V, VII, 
XI, XII, XV, and XVIII caused at least 40% inhibition of protein synthesis 
of P-388 cells. 


Detailed examination of a number of enzymatic activities which are 
known to be suppressed by quassinoids subsequently followed. Nucleic 
DNA polymerase activity in P-388 was inhibited at  least 50% by com- 
pounds XI, XII, and XIV and at least 40% by compounds 11,111, VII, and 
IX. Purine synthesis was inhibited more than 50% by compounds 111, VII, 
IX, and XIII-XV and more than 40% by 11, X, XI, and XII. Dihydrofolate 
reductase activity was suppressed at  least 40% by compounds I, 111, IV, 
XI, XIII, XIV, and XV. The elongation process of protein synthesis 
compared with the emetine standard was inhibited greater than 60% by 
11, VII, XI, XIII, XIV, M, and XI1 at 10 pM. The quassinoids inhibited 
ongoing polypeptide synthesis. Oxidative phosphorylation processes were 
not inhibited as significantly as other metabolic events. However, state 
4 (basal) respiration with succinate as the substrate was inhibited greater 
than 15% by compounds 11,111, V-VII, IX, XI-XIII, XV, and XVIII. With 
a-ketoglutarate as the substrate, compounds 11, 111, VI, VII, IX-XV, 
XVII, and XVIII caused 15% state 4 inhibition. Adenosine diphos- 
phate-stimulated respiration was inhibited 15% using succinate as sub- 
strate by compounds 11, 111, V, IX, XI, XII, XIV, and XVIII and by 
compounds 11,111, VII, IX, XI-XV, XVII, and XVIII using a-ketoglu- 
tarate as substrate. 


DISCUSSION 


The quassinoids demonstrated that protein and nucleic acid metab- 
olism were inhibited in a manner which correlated positively with their 
antileukemic activity when tested against P-388 lymphoid leukemia 
growth. Compounds with the higher T/C % values had a greater ability 


ltein Synthesis of P-388 Lymphocytic Leukemia Cells 


% Control In Viuo 


Drug, 10 uM (n  = 6) Thymidine into DNA Uridine into RNA Protein TIC % 
L-Leucine into 0.6 mg/kg/day, 


~ ~~ ~ 


I Bruceoside A 
I1 Brusatol 


I11 Bruceantin 
IV Brusatol triacetate 
V Bruceolide 


VI 3-(3,4-Dimethyl-2-pentonyl) bruceolide 
VII 3-(3,4-Dimethyl-2-pentonyl) bruceantin 


IX 3,15-Disenecioyl bruceolide 
X Bis-l2,12'-diacetyl brusatolyl succinate 


XI Bisbrusatolyl adipate 
XI1 Bisbrusatolyl glutarate 


XI11 Bisbrusatolyl succinate 
XIV Bisbrusatolyl malonate 
XV Bisdihydrobrusatolyl succinate 


XVI Bistetrahydrobrusatolyl succinate 
XVII Tetrahydrobrusatol 


XIX 2-Hydroxy-2-deoxotetrahydrobrusatol lactol 


VIII 12-Acetyl-3,15-disenecioyl bruceolide 


XVIII Dihydrobrusatol 


XX 0.05% Polvsorbate 80 water 


65 f 4" 
51 f 5" 
41 f 3" 
98 f 7 
74 f 6 
91 f 46 
53 f 6" 


112 f 5 
56 f 4" 
98 f 5 
59 f 3" ~~ ~ ~ 


55 f 6" 
45 f 3" 
55 f 5" 
62 f 3" 


111 f 5 
89 f 6b 
54 f 5" 
88 f 4c 


100 f 5 


72 f 5" 
44 f 4" 
53 f 4" 
94 f 6 


100 f 7 
106 f 5 
69 f 3" 
91 f 46 
53 f 5" 
87 f 6c 
61 f 5c 
75 f 5" 
41 f 4" 
52 f 3" 
60 f 5" 
83 f 5" 


108 f 6 
61 f 5" 
93 f 4 


100 f 4 


54 f 5" 
44 f 3" 
57 f 3" 
89 f 6 
60 5 4 "  
64 f 4" ~~ ~ 


59 f 5" 
78 f 6" 
38 f 3" 
75 f 4" 
60 f 5" 
57 f 4" 
28 f 4" 
17 f 3" 
57 f 4" 
66 f 5" 
76 f 3" 
58 f 4" 
60 f 4a 


100 f 6 


118 ~~~ 


149 
162 
102 
139 
131 
194 
103 
185 
118 
176 
176 
217 
272 
193 
113 
120 
150 
107 
100 
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Table 11-Zn Vitro Effects of Quassinoids on Specific Processes of Nucleic Acid and Protein Synthesis and Respiration 


% Control 
Elongation 


DNA (14C]Formate Dihydrofolate Process of Oxidative Phosphorylation 
Polymerase into Reductase Protein Succinate a-Ketoglutarate 


Drugs, 10 fiM ( n  = 6) Activity Purines Activity Synthesis State 4 State 3 State4 State3 


I 
I1 


111 
IV 
V 


VI 
VII 


VIII 
IX 
X ~- 


XI 
XI1 


XI11 
XIV xv 


89 f 6" 82 f 66 50 f 46 
57 f 56 58 f 4b 64 f 56 
56 f 7b 49 f 46 47 f 46 
79 f 86 93 f 3 55 f 8b 
74 f 76 86 f 5c 65 f 46 
77 f 6 b  81 f 46 81 f 7c 
56 f 5b 17 f 2b 87 f 6" 
91 f 4 91 f 4 69 f 7b 
58 f 36 46 f 56 58 f 6b 
91 f 7 81 f 5b 72 f 5b ~~ ~ 


47 f 6 b  55 f 5b 65 f 56 
47 f 56 55 f 6b 65 f 46 
70 f 6b 43 f 56 53 f 36 
43 f 4b 45 f 46 50 f 2b 
78 f 5b 43 f 36 59 f 4b 


XVI 72 f 4b 100f7 64 f 56 
91 f 5 108 f 4 62 f 46 XVII 


69 f 3 XVIII 81 f 46 
XIX 85 f 3b 96 f 5 


- 
- 


xx 100f5 100f6 100 f 7 


54 f 6b 
28 f 36 
77 f 4b 
60 f 5b 
64 f 6b 
57 f 56 
33 f 46 
78 f 4b 
53 f 66 
67 f 5b 
38 f 3b 
46 f 4b 
35 f 4b 
20 f 36 
31 f 56 
70 f 4b 
89 f 4c 
64 f 56 
80 f 66 
100f4 


86 f 46 
80 f 36 
81 f 5b 
87 f 3b 
80 f 46 
82 f 5b 
72 f 3b 
98 f 5b 
66 f 3b 
89 f 3c 
83 f 26 
83 f 3b 
73 f 46 
85 f 5b 
75 f 6b 
91 f 4 
87 f 3b 
61 f 5b 
90 f 6 
100f5 


99 f 7 
78 f 56 
81 f 46 
95 f 3 
81 f 46 
90 f 5" 
89 f 36 
89 f 5c 
72 f 4b 
92 f 6 
73 f 56 
77 f 56 
89 f 6c 
76 f 5b 
90 f 4c 
90 f 5c 
85 f 3b 
62 f 56 
96 f 4 
100f4 


85 f 46 
69 f 36 
82 f 46 
86 f 2c 
87 f 5c 
82 f 4b 
64 f 66 
95 f 6 
67 f 4b 
83 f 5b 
68 f 4b 
70 f 4b 
57 f 46 
70 f 5b 
52 f 5b 
94 f 4 
83 f 66 
70 f 4" 
102 f 3 
100 i 5 


93 f 4 
74 f 4b 
75 f 36 


89 f 4c 
89 f 5c 
67 f 36 
92 f 5 
72 f 56 
101 f 4 
73 f 4b 
68 f 56 
64 f 66 
76 f 56 
61 f 4b 
96 f 6 
70 f 36 
74 f 4b 
86 f 5c 
100f4 


114 f 5 


P 2 0.010. P 0.001. P 5 0.005. 


to suppress protein sfnthesis (compounds XIII, XIV, XV, XI, and VII). 
The elongation step of translocation appeared to be affected preferen- 
tially over initiation events of protein synthesis. This observation is 
consistent with previous data for compound I1 on rabbit reticulocyte 
protein synthesis and compound 111 on yeast. The inhibition of DNA and 
RNA was also positively correlated with antineoplastic activity although 
DNA synthesis was suppressed slightly less than the inhibition of protein 
synthesis. Nuclear DNA polymerase activity was inhibited -50% by 
compounds with T/C % >150 although there were exceptions. Purine 
synthesis inhibition correlated more positively with inhibition of nucleic 
acid synthesis and antineoplastic activity than inhibition of DNA poly- 
merase activity by these quassinoids. Dihydrofolate reductase activity 
was affected in a similar manner although the regulatory enzyme of pu- 
rine synthesis, phosphoribosyl pyrophosphate aminotransferase, was 
identified as being inhibited when these drugs are administered in uiuo. 
However, only marginal inhibitory effects were observed after in uitro 
(6) incubation of the quassinoids with this regulatory enzyme. Surpris- 
ingly, 3-(3,4-dimethyl-2-pentonyl) bruceantin (VII) inhibited purine 
synthesis 83%, apparently a t  some site other than dihydrofolate reduc- 
tase. The inhibition of purine synthesis by VII probably contributes 
significantly to the TIC % = 194. Previously, data indicated that qu- 
assinoids affected anaerobic and aerobic respiration of P-388 cells and 
that state 4 and state 3 respiration were inhibited -50% by quassinoids 
at 0.015 mM. However, a t  0.010 mM concentrations, the effect on dxi- 
dative phoephorylation was not as dramatic. Basal and coupled oxidative 
phosphorylation was inhibited -15% by those compounds possessing a 
TIC % 2125 in the antineoplastic screen. Reduction of oxidative phos- 
phorylation processes would reduce the available energy for macromo- 
lecular synthesis in rapidly dividing cells, thus possibly indirectly af- 
fecting nucleic acid and protein synthetic pathways. Hence, it may be 
concluded that the optimum structural requirements for potent anti- 
leukemic activity and metabolic inhibition of P-388 cells are ( a )  bis-esters 
of brusatol with an ester carbon chain length of one or two and ( b )  a C-3, 
C-15 disenecioate or di-3,4-dimethyl-2-pentenoate side chain of bru- 
ceolide. .Both types of structure require an enone system in ring A and 
a free hydroxyl group at  positions C-11 and C-12. 
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Abstract The kinetics of acetylation of alcohols by acetyl chloride and 
acetic anhydride, with N-methylimidazole as the catalyst, were studied 
in acetonitrile solution a t  25"; some measurements were also made with 
4-dimethylaminopyridine as the catalyst. The acetic anhydride-N- 
methylimidazole system proceeds entirely by a general base catalysis, 
whereas the acetyl chloride-N-methylimidazole system reacts entirely 
uio a nucleophilic route, with the intermediate formation of the N-ac- 
ylated catalyst. The reaction of this intermediate with the alcohol is 
general base catalyzed. The acetyl chloride-4-dimethylaminopyridine 
system also reacts uia the nucleophilic route. In the acetic anhydride- 
4-dimethylaminopyridine system a small fraction of the intermediate 
was detected. The acetic anhydride-N-methylimidazole system was 
studied in n-propanol-acetonitrile solvent mixtures; no spectral evidence 
for intermediate formation was seen. However, the hydrolysis reaction 
in acetic anhydride-N-methylimidazole, studied over a wide range of 
water-acetonitrile mixtures, revealed a change in mechanism from gen- 
eral base in dry acetonitrile to a solely nucleophilic route a t  high water 
concentrations. 


Keyphrases Acetyiation-kinetics and mechanism, hydroxy groups 
catalyzed hy N-Methylimidazole 0 Kinetics-mechanism of hydroxy 
group acetylations, catalyzed by N-Methylimidazole 0 N-Methylimid- 
azole-kinetics and mechanism of hydroxy group acetylations, cata- 
lyst 4-Dimethylaminopyridine, acetylation catalyst. 


Acetylations of hydroxy compounds are usually carried 
out with acetic anhydride or acetyl chloride as the acylating 
agent. Pyridine is commonly used as a catalyst. Several 
catalysts more powerful than pyridine are now available, 
most notably 4-dimethylaminopyridine, which was de- 
veloped by Steglich and Hofle (1-3) as a catalyst for syn- 
thetic acetylations, and has since been applied to analytical 
acetylations (4-7). This study introduced N-methylim- 
idazole as an analytical acylation catalyst (8-11). The 
relative catalytic effectiveness of pyridine-N-methylim- 
idazole-4-dimethylaminopyridine is about 1:3 X 102:1.7 
X lo4, respectively (la),  in aprotic solvents. 


Although the mechanisms of acyl transfer reactions have 
been well studied, most investigations have been of acyl 
transfer to water, that is, of the hydrolysis of carboxylic 


acid derivatives in aqueous solution. These kinetic and 
mechanistic results, therefore, may not be applicable to 
acylation reactions carried out in aprotic solvents. Because 
synthetic and analytical acylations usually employ non- 
aqueous media, it is important to understand the course 
of the reactions and the role of the catalyst in these sys- 
tems, and several laboratories have described studies of 
the newer catalysts (particularly of 4-dimethylaminopy- 
ridine) in aprotic solvents. The mechanism of the catalysis 
is not well understood, and there is disagreement among 
the interpretations of reactivity data for these systems; 
these viewpoints are cited in the later discussion. 


To achieve an understanding of the mode of catalysis by 
N-methylimidazole, the present study was designed to 
allow systematic kinetic measurements to be made over 
a wide range of conditions. The reaction systems are rela- 
tively simple but represent practical situations. Acetic 
anhydride and acetyl chloride are the two acylating agents 
studied. N-methylimidazole is the catalyst, though some 
observations were also made on 4-dimethylaminopyridine 
because of its importance; hence, four separate combina- 
tions of acylating agent and catalyst were studied. The acyl 
acceptor was an alcohol or water, and the solvent was ac- 
etonitrile, modified in some cases by the addition of alcohol 
or water. 


EXPERIMENTAL 


Materials-Acetyl chloride and acetic anhydride, analytical reagent 
grade', were used directly. N-Methylimidazole2 was distilled a t  10-12 
mm Hg pressure; atmospheric bp 199". 4-Dimethylamin~pyridine~ was 
recrystallized from n-hexane; mp 113". The alcohols were of analytical 
reagent quality and were used directly; their purities were checked by 
gas chromatography. 


Mallinckrodt Chemical Co. 
Aldrich Chemical Co. 
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Acetonitrile, technical grade2, was refluxed over phosphorus pentoxide 
for 1 hr, then distilled from phosphorus pentoxide at  80-81'. The water 
content of this product was 4.003% as determined by visual Karl Fischer 
titration. 


Kinetic Procedure-A typical kinetic run was carried out as follows: 
Solutions of appropriate concentrations of the acetylating agent, the 
catalyst, and the hydroxy compound were prepared in acetonitrile and 
equilibrated a t  25 f 0.1'. Acetonitrile (4.0 ml), 3.0 ml of the catalyst so- 
lution, and 1.0 ml of the acetylating agent solution were added to a 10-ml 
volumetric flask. The reaction was initiated by adding 2.0 ml of the so- 
lution of hydroxy compound. The well-mixed solution was transferred 
to a 1-cm spectrophotometer cell, and the absorbance was monitored at  
a selected wavelength as a function of time3. The absorbance at  the 
completion of reaction (A,) was measured after the lapse of -10 half- 
lives. 


All measurements were made at  25.0 f 0 . 1 O .  


RESULTS AND DISCUSSION 


Kinetic Scheme-The design and interpretation of the kinetic ex- 
periments were based on the model represented by Scheme I: 


k ,  
A X + N  I + + X -  


k - I  


1 [ ROH 1 l k i  [ROHI 


A O R  + NH' A O R  + HX 
Scheme I 


where AX is the acetyl compound (acetyl chloride or acetic anhydride), 
N is the catalyst (N-methylimidazole or 4-dimethylaminopyridine), I+ 
is an intermediate acetylammonium ion, X- is the counterion (chloride 
or acetate), and ROH is the acetyl acceptor (alcohol or water). Although 
a single general rate equation is too complex to be useful, several im- 
portant cases arise from the operation of (a) the ratio k,(k-1; (b! the 
detailed nature of k;and k> ( c )  the relative magnitudes of k A  and k,;  (d) 
the relative concentrations of the reactants; (e) the method of observa- 
tion; (1) the nature of ROH. The experiments were designed to evaluate 
the validity of Scheme I and to obtain estimates of the parameters. 
Scheme I1 outlines some of the possible cases: 


k1lk-i 


I I 
zero finite 


I 


kA controls; 
follow A X  


I 
infinite 


small 
I 


large 
I 


10a[NIIM 


Figure 1-Plot according to Eq. 3 for the acetylchloride-N-methyl- 
imidazole system. Key: (o), sec-butanol; (@), isopropanol. 


In this study the reactions were followed spectrophotometrically by 
monitoring the loss of AX or I+ with time. The initial concentration of 
hydroxy compound usually was at  least 50 times that of the acetylating 
agent, and in most cases good first-order behavior was observed, the 
apparent first-order rate constant kobs being evaluated from a plot of log 
(A, - A,) versus time. The precision of kobs was -2%. Deviations from 
first-order behavior are pointed out as appropriate. 


Acetyl Chloride-N-Methylimidazole-Alcohols-When acetonitrile 
solutions of acetyl chloride and N-methylimidazole are mixed, the ab- 
sorbance of the resulting solution is much greater than that calculated 
for the mixture of reactants. I t  is inferred that a very fast and quantitative 
formation of N-acetyl-N-methylimidazolium ion occurs; this is the in- 
termediate I +  in Scheme I. At a given concentration of catalyst and 
varying concentrations of acetyl chloride, the same absorbance was 
produced as long as [Axlo > "10 and uice uersa, showing that the for- 
mation of I+ was quantitative. The spectrum of the intermediate showed 
A,,, = 245 nm, log cmsx = 3.51. Since N-methylimidazole shows Amin = 
245 nm, log €,,,in = 0.2, the reaction was followed at  245 nm, with initial 
condition [AX10 < "10. In a typical reaction [AX],, = 8 X M and 


This system therefore appears to be a case in which k Ilk -1 is essentially 
[ROH]o = 0.5 M. 


infinite (Scheme II), the observed reaction being (Scheme 111): 


I+ + ROH ~ R O A ~  + NH+ 
Scheme I I I  


I t  is anticipated that k; is given by Eq. 1, which is a testable assump- 
tion. 


k ;  = kf + kr"N] (Eq. 1) 


In Scheme I11 ROAc represents the acetylated alcohol. 


The hypothetical rate equation is, therefore: 


The experimental rate equation was found to be -d[I+]/dt = kobs[I+], 
the plots being linear over the course of the reactions. Therefore: 


(Eq. 3) k t  + krhr "1 kobs -= 
IROHI 


k i  negligible 


I I Table I-Rate Constants for t h e  Acetyl Chloride-N- 
Methylimidazole System in Acetonitrile at 25" a 


I 
steady-state applicable 
to r ; foilow AX 


k ;  negligible 


r n o t  o n  Series reaction Alcohol 1O3kilM-' s-l krN/M-2 s - ~  103kalM-' s-I 


reaction path;  
follow A X  


Scheme I I  


(A -+ B -  C) 
follow AX or 0.50 (0.007) 4.61 (0.021) .n-Propanol 0.16 (0.025) 


n-Butanol 0.36 (0.026) 0.98 (0.006) 4.49 (0.032) 
Isopropanol 0.15 (0.030) 0.053 (0.002) 1.49 (0.036) 
sec-Butanol 0.49 (0.024) 0.17 (0.001) 3.32 (0.025) 


Cary 14 and Cary 16 spectrophotometers, equipped with thermostatted cell Standard deviation in parentheses, evaluated from the least-squares fit to the 
compartments. appropriate linear equation. 
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Figure 2-Plot according to Eq. 9 for the acetic anhydride-N-meth- 
ylimidazole system. Lines from top to bottom: n-propanol, n-butanol, 
isopropanol. 


Equation 3 suggests that  a plot of k,b,/[ROH] versus [ N )  will be linear, 
where [N] represents free N-methylimidazole. Since it was shown that 
conversion to the intermediate is quantitative, [ N ]  is given by: 


"I = "lo - [AX10 (Eq. 4) 


Moreover, [N] should remain constant at  this value throughout the course 
of the reaction, because each N-methylimidazole released from I +  upon 
reaction with ROH accepts a proton, since it is the strongest base in the 
system. 


Figure 1 shows a plot according to Eq. 3 for sec-butanol and isopro- 
panol. Similar behavior was observed for n-propanol and n-butanol, and 
the resulting estimates of k1 and k r ~  are listed in Table I. 


To evaluate k i ,  the acetylation of these four alcohols by acetyl chloride 
was examined in the absence of N-methylimidazole. The first-order plots 
were linear for -1 half-life, perhaps as a consequence of the proton release 
accompanying the acetylation. If kais given by: 


k; = k A  + ~ A N [ N ]  (Eq. 5) 


evidently the rate equation in the absence of N-methylimidazole is 
-d[AX]ldt = k ~ [ A x ]  [ROH], or k,b,/[ROH] = k A ,  where kobs is evalu- 
ated from the initial linear portion of the plots. The kA estimates obtained 
in this way are given in Table I. 


It is evidently impossible to determine k AN for this system, because 
acetyl chloride and N-methylimidazole cannot coexist in significant 
concentrations. 


Acetic Anhydride-N-Methylimidazole-Alcohols-When aceto- 
nitrile solutions of acetic anhydride and N-methylimidazole are mixed, 
the resulting spectrum can be quantitatively accounted for as the sum 
of the spectra of these two solutes; thus, there is no spectral evidence for 
intermediate formation. Since the counterion should have little effect 


Table 11-Rate Constants fo r  the Acetic Anhydride-N- 
Methylimidazole System in Acetonitrile at 25" a 


n-Propanol 0.70 (1.05) 2.4 (3.7) 4.03 (0.05) 
n-Butanol 1.20 (1.42) 8.3 (10.2) 3.80 (0.06) 
Isopropanol 0.007 (0.011) 0.15 (0.11) 0.413 (0.002) 


Standard deviation in parentheses. 


10" NI,/M 
Figure 3-Plot according to Eq. 10 for the acetic anhydride-N-meth- 
ylimidazole system. Lines from top to bottom: n-propanol, n-butanol, 
isopropanol, 


on the spectrum of the cation, and the intermediate in the acetyl chlo- 
ride-N-methylimidazole system exhibited an intense absorption a t  245 
nm, it is inferred that in the present case k l lk -1  is close to zero. The ac- 
etylating agent is acetic anhydride (A,,, = 240 nm, log cmax = 2.0). The 
reaction was monitored a t  245 nm, corresponding to a minimum in the 
spectrum of the catalyst. The apparent first-order plots were linear for 
a t  least 4 half-lives. The initial concentrations were: acetic anhydride, 
0.02 M ;  alcohols, 0.5-2.6 M ;  N-methylimidazole, 0.011-0.11 M .  


Although the intermediate could not be detected spectrally, its possible 
presence is admitted in the rate equation for the loss of anhydride: 


d[AX1 - k,[AX][N] + ki[AX][ROH] - k-l[I+][X-] 
dt  


(Es. 6) 


The assumption is made that all of the H+ produced in the acetylation 
is accepted by X- (acetate); then [X-] = 0, so Eq. 6 becomes: 


(Eq. 7) - _ _ _  d[AX1 - kl[AX][N] + ki[AX][ROH] 
dt  


This assumption is justified in the later discussion. By hypothesis, k i  = 
k A  t kAN[N]. The experimental rate equation is -d[AX]/dt = 
kobs[AXI, SO: 


kobs = kl"1 + kA[ROH] t kAN[ROHl[N] (Eq. 8 )  


If in a series of experiments the catalyst concentration is held constant 
while the alcohol concentration is varied, the plotting form of Eq. 9 is 
used: 


(Eq. 9) 


whereas, if [ROH] is kept constant and [N] is varied, Eq. 10 can be 
used. 


(Eq. 10) 


Thus, from the slopes and intercepts of these two plots, the constants kl, 
k A .  and kAN can be evaluated. 


Figure 2 is the plot according to Eq. 9, and Fig. 3 shows Eq. 10 plotted 
for three alcohols in the acetic anhydride-N-methylimidazole system. 
The rate constants estimated by this treatment are given in Table II; the 
k l  and k A  values are not significantly different from zero. 


This system was used to investigate the medium effect of the alcohol 
on the rate and mechanism. The reaction was studied in n-propanol- 
acetonitrile mixtures, with the results shown in Table 111. Good first-order 
kinetics were observed, but a t  an  alcohol concentration of SO%, sharp 
deviations from first-order kinetics were seen. The dependence of kobs 
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Table 111-Dependence of Rate Constant on Solvent 
Composition for the Acetic Anhydride-N-Methylimidazole 
System in n-Propanol-Acetonitrile Mixtures a 


Concentration of n-Propanol 
Volume, % Molarity 


20 
30 
40 
50 
60 
70 


2.67 
4.00 
5.34 
6.68 
8.02 
9.35 


3.93 
5.92 
8.08 
9.81 


12.0 
14.4 


[Ax lo  = 2.95 X lo-$ M ;  IN],, = 3.76 X M ;  temp. = 25". 


upon [ROH] is linear, and no spectral evidence was seen for intermediate 
formation, indicating that there is no mechanism change over this range 
of solvent composition. The alcohol is functioning as a reactant, and has 
no kinetically significant medium effect over the range reported in Table 
111. 


Acetic Anhydride-N-Methylimidazole-Water-In one stage of 
this study, the water was treated as an instance of a hydroxy compound, 
in relatively low concentration, undergoing acetylation in acetonitrile 
solution; another stage involved the hydrolysis in water-acetonitrile 
mixtures over a wide range of composition. 


This system behaved dramatically differently from the corresponding 
anhydride-alcohol system, in that when water was present a strong UV 
absorption was observed, similar to that ascribed to intermediate for- 
mation in acetyl chloride solutions. At low water concentrations the initial 
absorbance was proportional to the water concentration. It is inferred 
that water alters the polarity of the medium, making the formation of 
the N-acetyl- N'-methylimidazolium intermediate possible. With this 
hypothesis the following kinetic treatment, based on Scheme I, describes 
the system. Since reaction may take place uia both A X  and I+  (at a given 
water concentration both species may be present), and the change in 
absorbance may receive contributions from both routes, the rate - d ( [ A X ]  
+ [ I + ] ) / d t  = - d [ A X ] / d t  - d [ I + ] / d t  is needed. From the kinetic 
scheme: 


d [ A X 1  - k l [ A X ] [ N ]  + k > [ A X ] [ H 2 0 ]  - k - i [ I + l [ X - ]  
d t  


(Eq. 11) 


d['+l - k - l [ I + ] [ X - ]  + k ; [ I + ] [ H z O ]  - k l [ A X ] [ N ]  (Eq. 12) 
dt  


Therefore, 


- d ( ' A X 1  + [ I + ' )  = k i [ A X ] [ H 2 0 ]  + k ; [ I + ] [ H z O ]  (Eq. 13) d t  
The concentrations [AX1 and lI+l are related bv Ea. 14. where the nature 


~ . .  -~ 
of R is examined later: 


[ A X ]  = R'[I+]  


Therefore, - d [ A X ] / d t  = - R ( d [ I + ] / d t ) ,  or: 


- d ( [ A X ]  + [ I + ] )  = - ( l + R ) -  dV+I 
dt  d t  


Substituting Eq. 14 into 13: 


Equations 15 and 16 are combined to give: 


An alternative development in terms of A X  yields: 


I t  follows that: 


If R' is invariant with time, Eq. 19 has a first-order form, with the ob- 
served rate constant given by: 


c 


4 


- 
c 
0: 


3 
? 


i 


lH,OIIM 
Figure 4-Dependence of kobs on water concentration in the acetic 
anhydride-N-methylimidazole system; m]o = 1.5 X 


It can be shown that Eq. 20 applies also when the total absorbance of the 
solution is followed. 


The nature of R' is now investigated. The concentrations [ A X ]  and [ I + ]  
might be controlled by the equilibrium relation: 


M. 


(Eq. 21) 


or [ A X ]  = R [ I + ] ,  where R = [ X - ] / K [ N ] .  Another possibility is that  the 
steady-state approximation may be applied to [ I+] ,  giving: 


Comparison with Eq. 14 gives: 


(Eq. 23) 


The quantity R is therefore a function of water concentration through 
[HzO],  k l ,  and K ,  all of which increase as the water content of the medium 
increases. As [HzO] increases, R will approach zero and k o b  will approach 
k;[HzO] .  At very low [HzO] ,  R will become large and kobs will ap- 
proach k>[HzO] .  Equations 22 and 23 include equilibrium control as a 
special case. 


In general, R is also a function of time (at  given water concentration), 
so first-order kinetics may not be observed when R' is finite. This means 
that deviations from first-order kinetics are most likely to be observed 
a t  water concentrations where R is making a significant contribution to 
kobs, that  is, where both k ;  and k ;  are contributing. 


Deviations from first-order kinetics were seen at  water concentrations 
<20% v/v (4.45 M); above this concentration good first-order plots were 
obtained. Figures 4 and 5 show the dependence of kobs on water concen- 
tration in the low and high water concentration regions. From the slope 
at  high water concentration, k; is found to be 1.05 X M-'s-l (at [ N ] o  
= 3.76 X M ) .  An estimate of the slope a t  [HzO] = 0 gives kk = 2 X 


The dependence of kabs on [ N ]  can be investigated by combining Eq. 
20 with the detailed expressions for k; ,  k , ,  and R ,  but the results are 
complex and difficult to interpret (13). The experimental observation 
is that  kobs shows positive curvature as a function of "10 a t  low water 
concentration and negative curvature a t  high water concentration. 


The linear portion of Fig. 5 suggests that  R becomes negligible above 
-510 M water; presumably above this value the medium is polar enough 
to support the extensive formation of the intermediate. Below 5-10 M 
water the reaction proceeds uia both the anhydride and the interme- 
diate. 


The acetyl chloride-N-methylimidazole system was also studied in 
the presence of water, but very complicated kinetics were observed. This 
is thought to be a consequence of the unanticipated production of acetic 
anhydride in the system, which can occur in this way. Acetyl chloride 
hydrolyzes (uia the intermediate) to give acetic acid, which transfers a 
proton to N-methylimidazole yielding acetate ion. At low water con- 


10-4 ~ - 1  s-l ("lo = 1.50 x 10-3 M I .  
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0 
li 


C H , C - $ ~ - C H ,  
I 
I 


is zero, and the reaction occurs entirely uia the A X  route. The k: and k m  
reactions are conjectured to occur as shown in Schemes V and VI, where 
N represents N-methylimidazole: 


0 


1 I I 


0 10 20 30 40 
[ H ,O I 1M 


Figure 5-Dependence of kobs on water concentration for the acetic 
anhydride-N-methylimidazole systems; m ] ~  = 3.76 X M. The 
dashed line represents the behauior seen in Fig. 4, but the two figures 
were obtained at  different catalyst concentrations. 


centrations, acetate will react with the intermediate I+ to generate acetic 
anhydride, according to Scheme I. Further study of this complex system 
did not seem warranted. 


Catalysis by 4-Dimethylaminopyridine-A mixture of acetyl 
chloride and 4-dimethylaminopyridine in acetonitrile shows a rapid and 
quantitative conversion to the intermediate, with A,, = 315 nm, log em, 
= 4.5. The acetylation of isopropanol was followed a t  315 nm. The reac- 
tions did not exhibit good first-order kinetic behavior; the reason is un- 
known. By estimating rate constants from the initial stage of the reaction, 
data treatment according to the method described for the acetyl chlo- 
ride-N-methylimidazole system yielded the approximate estimates k1 
= 6.4 X 


When acetonitrile solutions of acetic anhydride and 4-dimethylami- 
nopyridine are mixed, a rapid but small absorbance increase is obtained 
at  A,,, = 315 nm. This is attributed to intermediate formation. Using 
the molar absorptivity found in the acetyl chloride-dimethylaminopy- 
ridine system, it is estimated that 5-10% conversion to the intermediate 
occurs. The acetylation of isopropanol was studied, the loss of anhydride 
being followed. Deviations from first-order kinetics were observed, though 
the deviations were less pronounced than in the acetyl chloride system. 
Estimates of k o b  from the initial portions of the plots led to the estimates 
k A  N 0 and k A N  = 0.5 M-2 s-l. The estimate of k A N  may include a 
contribution from the k l N  route. 


Mechanism of N-Methylimidazole Catalysis-This study has 
shown that catalysis of acetylations by N-methylimidazole can be ac- 
counted for in terms of Scheme IV. The intermediate I+ is the N-ace- 
tyl-N'-methylimidazolium ion (I). The rate constants can be described 
as follows: k A  = the uncatalyzed reaction; k A N  = general base catalysis; 
k: = the nucleophilic route; and k:N = general base catalysis of the 
nucleophilic route. 


When A X  is acetyl chloride, k l lk -1  is very large, the reaction occurs 
essentially only uia the I +  route. When A X  is acetic anhydride, k l / k - l  


M-'s - l  a nd k:N = 1.3 hf-* s-l. 


k ,  
A X + N  +- F + X -  


k -1 


kA [ ROHJ 


products products 
Scheme IV 


II kI 


YbW 
CH,C----CH, ---t CH,COOR + NH' 


0 
k l N +  - CH,COOR t NH+ + N 


Scheme VI 


The mechanisms for acetyl chloride and acetic anhydride are different 
because chloride is a better leaving group than acetate. When N-meth- 
ylimidazole is replaced by the more powerful catalyst 4-dimethylami- 
nopyridine, some intermediate formation is detected even in the acetic 
anhydride system. When water is added to the acetonitrile medium, in- 
termediate formation occurs in the acetic anhydride-N-methylimidazole 
system, which constitutes a case in which the mechanism changes from 
the pure A X  route (in dry acetonitrile) to the pure I +  route (in acetoni- 
trile containing 210 M water). This effect can be ascribed to the increase 
in the polarity in the medium, which will promote formation of the polar 
intermediate. The dielectric constant of acetonitrile is 36 and that of 
water is 78. In contrast, incorporation of n-propanol into acetonitrile lel  
to no detectable intermediate formation. This is consistent with the view 
that alcohol-acetonitrile mixtures are not more polar than pure aceto- 
nitrile; the dielectric constant of n-propanol is 20.5. Besides the spectral 
and kinetic evidence described here, these mechanistic conclusions are 
supported by other results. N-acetyl-N'-methylimidazolium acetate 
could not be synthesized in acetonitrile, but in a previous report it was 
found that the chloride salt could be prepared (14). The rate of acetylation 
of isopropanol by acetic anhydride-N-methylimidazole has been inves- 
tigated in a series of aprotic solvents, with a very small solvent effect being 
observed (15). This is consistent with the general base ( k A N )  route but 
not with the formation of the polar intermediate. It may be noted that 
the third-order rate constants determined titrimetrically for acetic an- 
hydride-N-methylimidazole acetylations in earlier work (8,15) may now 
be identified as kAN in Scheme IV. 


Comparison of ka and k: for the acetyl chloride-N-methylimidazole 
system (Table I) shows that k A  > k: for each alcohol studied. This means 
that diversion through the unassisted nucleophilic route ( k l )  actually 
inhibits the reaction relative to the uncatalyzed ( k a )  process, possibly 
because of stabilization of the intermediate by electron delocalization 
as indicated in 11. (Similar delocalization can occur in the 4-dimethy- 
laminopyridine intermediate.) 


n n - 
i II 


CH,C-G %-CH3 * CH,C-I/%-- CH, u W 
I1 


Table IV-Rate Constants for Acetylation of Isopropyl Alcohol in Acetonitrile at 25" a 


Acetyl Chloride Acetic Anhydride 
k A  k A N  k: k:N ka k A N  k: k m  


N-Methylimidazole 0.0015 - 0.00015 0.053 0 0.0041 - - 
- - 4-Dimethylaminopyridine - - 0.00064 1.3 0 0.5 


Units of rate constants as in Tables I and 11. 
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Although it has not been possible to measure both k A N  and k1N for the 
same system, Table IV gathers rate constants that  have been obtained 
for both acetylating agents and both catalysts with isopropanol. Analogy 
with the k A / k l  ratio suggests that k A N  may be > k l N ,  whereas Table IV 
indicates that k i N  > k A N  (although these data are not for precisely the 
same system). 


These observations may account for the puzzling report (3) that 1- 
ethynylcyclohexanol is acetylated faster by acetic anhydride than by 
acetyl chloride in the presence of 4-dimethylaminopyridine (in CDC13 
solution). If the mechanisms are as described here, the intermediate is 
quantitatively formed from acetyl chloride, with the concomitant con- 
sumption of an equimolar amount of 4-dimethylaminopyridine; thus, 
the concentration of free catalyst is depleted and is very low under the 
conditions described. The reaction occurs by the kl  and k l N  routes. In 
the acetic anhydride system, on the other hand, no intermediate is 
formed, with the result that the catalyst concentration remains high, and 
the reaction proceeds uia the k A N  route. Under the reported conditions 
(3), using the rate constants in Table IV, it is calculated that the rate in 
the anhydride system is greater than the rate in the acetyl chloride 
system. 


Effect of the Solvent-The rates and mechanisms of acylation re- 
actions can be affected by the reaction medium through the operation 
of several effects. 


The Ratio kJk-l-This ratio describes the formation of the polar final 
state ( I +  + X-) from the less polar initial state (AX + N). An increase 
in solvent polarity should increase k l l k - 1 ;  this effect was seen in the 
system acetic anhydride-N-methylimidazole-water, in which kllk-1 
changes from practically zero a t  low water concentration to very large 
in substantial water concentrations. The mechanism is changed as a 
consequence. In the intermediate range where k l l k - 1  is finite, both re- 
action routes are accessible and the kinetics are complex. 


Since much prior kinetic study of acylation mechanisms has empha- 
sized fully aqueous systems, the nucleophilic route has often been im- 
plicated for those reactions, as in the pyridine-catalyzed hydrolysis of 
acetic anhydride (16). As the present study shows, however, the extent 
of N-acylammonium intermediate formation can be very sensitive to the 
solvent. 


T h e  Rate Constants kA, kAN, kI, and kp-These will be expected to 
respond to solvent polarity in accord with the postulate that  increased 
solvent polarity will increase the rate if the transition state is more polar 
than the initial state and uice uersa. For example, the k A N  route will in- 
volve some charge separation in the transition state, so k a N  may increase 
slightly as the solvent is made more polar. 


The initial state for the k I  and k l N  routes is highly polar, being It or 
the ion-pair I+X-. The effect of the solvent will depend upon the relative 
polarity of the transition state. Greater acylation rates in nonpolar sol- 
vents, in terms of a favored breakdown of the charged intermediate to 
neutral products, has been accounted for (17). This requires the following 
reaction (in the symbols of Scheme IV): I + X -  + ROH - AOR + N + 
HX. The proton transfer must also be part of (or take place prior to) the 
rate determining step. If the reaction is I +  + ROH - AOR + NH+, the 
solvent effect should be modest. In interpreting a solvent effect in these 
terms, the concurrent behavior of k l l k - 1 ,  which may alter the route of 
the reaction, must be taken into account. 


The Basicity of t h e  Catalyst (N) and t h e  Counterion (X-)-Upon 
this property depend the proton-accepting abilities of these bases, the 
effectiveness of X- as a leaving group, and the nucleophilicity of N .  As 
the solvent is changed, the relative basicity of a pair of bases may 
change. 


Acetonitrile is a weaker base than water, so acids are weaker in aceto- 
nitrile than in water (as measured by their acid dissociation constants). 
For carboxylic acids, the relationship between pKa in acetonitrile and 
water is (18): 


pKa (acetonitrile) = pKa (water) + 4.4 


whereas for the conjugate acids of amines it is: 


pKa (acetonitrile) = 0.47 pKa (water) t 2.2 


The different behavior for acids RCOOH and RNH3+ is a consequence 
of the lower dielectric constant of acetonitrile and i ts  poor anion-solvating 
capability. The base strengths of acetate and N-methylimidazole in ac- 
etonitrile, as calculated with these relationships, are: 


Acetic acid: pKa (acetonitrile) = 9.15, pKa (water) = 4.75 


tonitrile, acetate is the stronger base. This conclusion was used in the 
derivation of Eq. 7. 


The possibility of nucleophilic catalysis is largely determined by the 
relative basicities of the leaving group (X-) and the attacking nucleophile 
( N ) .  If pKa (NH+) > pKa (HX), then the nucleophile is a stronger base 
than the leaving group, and the nucleophilic route (uia formation of the 
N-acylated nucleophile) is favored, whereas if pKa (HX) > pKa (NH+) 
the nucleophilic route is not favored, and the direct general base route 
is more probable. As described previously, acetate is a much stronger base 
than is N-methylimidazole in acetonitrile, hence, formation of N-ace- 
tyl-N’-methylimidazolium acetate is not probable from acetic anhydride. 
The observation of reaction solely uia the k A N  route is consistent with 
this description. In the acetyl chloride case, however, N-methylimidazole 
is a stronger base than chloride in acetonitrile [chloride is solvated in 
acetonitrile, whereas larger anions are not (19)J, so the nucleophilic route 
predominates. 


Since 4-dimethylaminopyridine is a stronger base than is N-methyl- 
imidazole, it would be expected to form the acyl intermediate to a greater 
extent (with a given AX). This behavior was observed: with acetic an- 
hydride, N-methylimidazole gave no detectable intermediate, whereas 
4-dimethylaminopyridine gave 5-10% conversion to the intermediate. 


Molecular Aggregation-In solvents of low dielectric constant, ion- 
pairs and higher ionic aggregates can he detected. The reactivity of an 
ion-pair will in general differ from that of a dissociated ion, so ion-pair 
formation may have kinetic consequences. Acetonitrile is a solvent of 
moderate polarity, and ion-pairing will not he as extensive as in solvents 
of much lower dielectric constant. I t  has not been found necessary to 
invoke the ion-pair I+X-  in the present kinetic treatment. Greater re- 
activity of acetic anhydride than of acetyl chloride (with 4-dimethy- 
laminopyridine catalyst) in nonpolar solvents by postulating the I+X-  
ion-pair has been reported (3), the explanation being that the I+Cl- 
ion-pair is tightly bound and therefore less reactive than the more loosely 
bound I+OAc- ion-pair. An alternative explanation for these results was 
given previously. 


A recent study (20) questioned whether the intermediate I+ is on the 
reaction path in 4-dimethylaminopyridine-catalyzed acetylations, and 
proposed a mechanism in which the catalyst attacks a molecular complex 
of anhydride and alcohol formed in a pre-equilibrium, giving a solvated 
ion-pair. No kinetic evidence for this mechanism was presented. The 
presence of molecular complexes is very likely in these systems, hydro- 
gen-bonded complexes of alcohols with H-bond acceptors being probable 
in nonpolar solvents. In highly aqueous systems, complex formation of 
the hydrophobic type can occur. The N-methylimidazole systems studied 
here did not require the mechanistic presence of complexes. It is possible 
that such species may be responsible for some of the anomalous kinetic 
behavior seen with 4-dimethylaminopyridine, but this was not investi- 
gated4. 


Unusual rate equations for the reaction of anilines with acetyl halides 
in the presence of N-methylimidazole, in nonpolar solvents has been 
reported (21). Rate terms included the quantities [l+X-]2 and[I+X-1- 
[AX]. Such terms may arise because of the presence of ion-pairs and 
molecular complexes. 
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Abstract The metabolism of tocainide, an oral antiarrhythmic agent, 
was studied in male Wistar rats following oral administration of 15 mg/kg 
of tocainide hydrochloride. Qualitative and quantitative identification 
of the metabolites in urine was carried out by GC-mass spectrometry and 
electron capture detector gas chromatography. About 1520% of the dose 
administered was excreted as intact drug in the urine. An additional 20% 
of the dose was present as acid hydrolysable conjugates. Enzymatic hy- 
drolysis (P-glucuronidase) revealed half of the acid hydrolysable conju- 
gates to be a glucuronide. The enzyme mediated hydrolysis was blocked 
by its specific inhibitor saccharo-1,4 lactone. N-acetyl tocainide, an ox- 
idatively deaminated tocainide, an aldehyde adduct of tocainide, and a 
cyclic hydantoin derivative of tocainide were also identified as metabo- 
lites in the urine samples. 


Keyphrases 0 Tocainide-oral antiarrhythmic agent, study of me- 
tabolism, rats Metabolism-of tocainide, after oral administration in 
rats 0 GC-mass spectrometry-determination of metabolism of to- 
cainide, rats 


Tocainide, 2-amino-2',6'-propionoxylidide (I), a struc- 
tural analog of lidocaine (II), is an experimental antiar- 
rhythmic agent, presently undergoing clinical trials (1-4). 
In humans, tocainide is completely absorbed following oral 
administration (5), and most of the orally or intraperito- 
neally administered dose, up to 15 mglkg, of tocainide is 
absorbed in rats (6). Kinetic studies carried out in rats 
revealed the presence of dose dependent elimination of 
tocainide 120 mg/kg (6). Identification of the pathways 
contributing to the nonlinearity was not possible previ- 
ously due to the lack of information on the metabolism of 


\ CH:, CH., 


I 


CH 
I1 


tocainide in rats. The present report describes the meta- 
bolic fate of tocainide in male Wistar rats. 


EXPERIMENTAL 


Animal Experimentation-Adult male Wistar rats with an average 
weight of 200 g (190-210 g) were used in the present study (animals were 
obtained from the University of British Columbia animal care unit). The 
animals were maintained in 0.41- X 0.34- X 0.18-m metallic cages (6 
rats/cage) in a controlled environment (24") for at least 3 days prior to 
experimentation. Wooden shavings were used as bedding under elevated 
cages (18 cm from the bottom of the cages). The photoperiod was con- 
trolled to provide a dark cycle from 8 pm to 6 am and a light cycle from 
6 am to 8 prn. The animals had access ad  libitum to food (rat chow) and 
water during this period. The animals were fasted for 8-10 hours prior 
to and during the experiments; however, water was allowed a d  li- 
bitum. 


An aqueous solution of tocainide hydrochloride' or 3',4',5'-trideuter- 
ated tocainide hydrochloride was given orally (stomach tube) to animals 
under light ether anesthesia. Dosed animals were housed in separate 
stainless steel metabolic cages (24.5 X 17.5 X 18 cm) with facilities for 
collecting urine samples free of fecal contamination, into an amber-col- 
ored bottle. Twenty-four hours postdose, the sides of the cage and the 
collecting funnel were washed three times with distilled water to recover 
all excretory products. The urine samples were stored in the freezer until 
analyzed. 


Analytical Methods-Measurement of intact tocainide in urine 
samples was carried out by using an electron capture detector gas chro- 
matographic method previously reported (7). 


The presence of conjugated tocainide in urine samples was determined 
by acidic and enzymatic hydrolysis. For the acid hydrolysis, 1 ml of urine 
was incubated with 1 ml of 1 N HC1 in a sealed glass ampul for 1 hr a t  
100". An aliquot of this solution was used for the analysis of tocainide. 


Preliminary studies with enzymes from different sources suggested 
maximal hydrolysis of the conjugates to occur when bovine liver 0-glu- 
curonidase was used. The enzymatic hydrolysis involved the addition 
of 1 ml of 1 M acetate buffer (pH 5.0) and 0.2 ml of P-glucuronidase2 to 
1 ml of urine and incubation of the mixture a t  37" for 24 hr. At the end 
of the incubation period the samples were analyzed for intact tocainide. 
Additional experiments were also carried out to determine the effect of 
saccharo-1,4-1actone3, 0.1 mM final concentration, on the enzyme me- 
diated hydrolysis of tocainide conjugates. 


Multiple extraction of the urine samples (25-30 ml), without any pH 
adjustments or a t  pH 9.0 (ammonium hydroxide and ammonium car- 
bonate) or a t  pH 9.0 and 12.0 using sodium hydroxide, was carried out 
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pharmaceutic and pharmacokinetic parameters associated 
with a drug. The process needs to be better understood to 
allow reasonable interpretation of the pharmacokinetic 
data obtained for drugs that are recycled. The data pre- 
sented here reflect the simplest case; discontinuous re- 
cycling, which is associated with gall bladder storage and 
emptying, is even more complex (1). 
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REVIEWS 


Basic Clinical Pharmacokinetics. By MICHAEL E. WINTER, with 
BRIAN S. KATCHER and MARY ANNE KODA-KIMBLE. Applied 
Therapeutics, P.O. Box 31-747, San Francisco, CA 94131. 1980. 231 
pp. 14.8 X 22.7 cm. Price $22.00. 
Pharmacokinetics and biopharmaceutics are well-established disci- 


plines. Their contributions in describing drug disposition, and predicting 
plasma drug concentrations and changes in drug concentrations are 
generally recognized. During the past decade, evaluation of drug con- 
centrations in biological fluids has found wide acceptance as part of drug 
therapy monitoring. The authors view this book as a practical guideline 
for the clinician in evaluating drug monitoring. 


The book is divided into two parts. The first part gives a brief overview 
of the basic principles of pharmacokinetics dealing with bioavailability, 
rate of administration, desired plasma concentration, volume of distri- 
bution, clearance, elimination, steady-state concentrations, interpretation 
of plasma drug concentrations, selection of appropriate equations, and 
creatinine clearance. At the end of the first part, a very instructive di- 
agram is given for evaluation and interpretation of plasma levels. This 
diagram will be very helpful for any clinician confronted with blood level 
data interpretation. 


Part  2 discusses the clinical pharmacokinetics of drugs usually moni- 
tored by a clinical pharmacokinetics service. The following drugs are 
covered: digoxin, lidocaine, procainamide, quinidine, theophylline, 
gentamicin, phenobarbital, and phenytoin. For each of these drugs, 
therapeutic and toxic plasma levels, bioavailability, if applicable, and 
the most important pharmacokinetic parameters (i .e. ,  volume of distri- 
bution, clearance, and elimination half-life) are covered. Where appli- 
cable, the influence of age, disease, and other concomitantly given drugs 
on drug disposition is discussed. 


This section, which is well referenced, is followed by a selection of 
typical clinical cases, along with the pharmacokinetic approach for so- 
lution. The calculations are listed stepwise so that even one who is inex- 
perienced in pharmacokinetics can easily follow. This section will be of 
great value to anyone interested in or practicing clinical pharmacoki- 
netics, as well as for teaching undergraduate and graduate students. Al- 
though only a few drugs are discussed in detail, once one masters these 
problem cases, the principles can be applied and tailored to many more 
drugs. 


The book contains three appendixes: I, nomograms for calculating body 
surface area of children and adults; 11, a listing of equations used 
throughout the text; and 111, a glossary of terms and abbreviations. 


In summary, this is a well-written and well-designed text which in- 
corporates the most important basic principles of basic and clinical 
pharmacokinetics. As such, the book will be of great value to all those 
involved in clinical pharmacokinetics and drug monitoring, particularly 


those who are entering the field. The authors have to be congratulated 
for writing such a well-organized guideline to the practical approach of 
drug level monitoring. 


Reuiewed by W. A. Ritschel 
College of Pharmacy and 


College of Medicine, 
University of Cincinnati 
Medical Center 
Cincinnati, OH 45267 


GC/MS Assays for  Abused Drugs in Body Fluid. NIDA Research 
Monograph 32. By RODGER L. FOLTZ, ALLISON F. FENTIMAN, 
and RUTH B. FOLTZ. National Institute on Drug Abuse, Division of 
Research, 5600 Fishers Lane, Rockville, MD 20857. 1980.202 pp. 14 
X 23 cm. Price $5.00. (Available from Superintendent of Documents, 
US. Government Printing Office, Washington, DC 20402. Specify GPO 
stock no. 017-024-01015-4.) 
This monograph, prepared by authors who are well versed in the areas 


of analytical methodology and drug abuse, should be valuable to inves- 
tigators interested in quantitating drugs in biological fluids. This work 
is actually a compilation of assays used for measuring the levels of drugs 
most often misused. 


This volume (13 chapters) includes an introduction and a discussion 
of experimental considerations and operations common to all of the assays 
(Chapter 2), and each remaining chapter is devoted to a particular drug 
that is commonly abused. The inclusion of Chapter 2 (which deals with 
the basics of obtaining internal standards, preparing calibration curves, 
sample extractions, performance evaluation of the gas chromatograph- 
mass spectrometer, etc.)  is an ideal approach since it greatly reduces 
excessive repetition that would have been required in each of the suc- 
ceeding chapters. The authors recommend that investigators concentrate 
on Chapter 2 along with the specific chapter for the drug in question. 


Each succeeding chapter is devoted to one of the following drugs of 
abuse: phencyclidine, methaqualone, methadone, A9-tetrahydrocanna- 
binol and two of its metabolites (11-hydroxy-A9-THC and 11-nor-9- 
carboxy-Ag-THC), cocaine and its major metabolite (benzoylecgonine), 
morphine, diazepam and its major metabolite (N-desmethyldiazepam), 
amphetamine, methamphetamine, 2,5-dimethoxy-4-methylampheta- 
mine, and mescaline. Each chapter begins with a brief historical de- 
scription of the drug followed by a synopsis of its pharmacological effects. 
A discussion on pharmacokinetics and metabolism examines which bi- 
ological fluid should be chosen for assay and whether metabolites should 
be quantitated. Then the sensitivity and selectivity of most of the tech- 
niques (e.g., spectrometry, gas chromatography, and radioimmunoassay) 


Journal of Pharmaceutical Sciences 1 133 
Vol. 71, No. 1, January 1982 







that have been applied to the analysis of the drug are presented. However, 
quantitation by gas chromatography-mass spectrometry-single-ion 
monitoring, which is far more reliable and sensitive than most other 
methods, is emphasized. A detailed description of gas chroma1,o- 
graphic-mass spectrometric methodology is provided. In addition, each 
chapter has its own reference section, which provides ample documen- 
tation. 


This monograph enables the investigator to choose the best analytical 
method for a particular drug based on the materials and equipment 
available. In addition, the design of basic experimental protocols should 
be greatly facilitated with the information contained within this volume. 
Although this book is intended for those in the field of drug abuse, i t  
should be helpful to anyone interested in undertaking an analysis of any 
drug by gas chromatography-mass spectrometry. 


Reviewed by Billy R. Martin 
Department of Pharmacology 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 


Pharmacological and Biochemical Properties of Drug Substances, 
Vol. 3. Edited by MORTON E. GOLDBERG. American Pharmaceu- 
tical Association, 2215 Constitution Ave., N.W., Washington, D.C., 
20037. 1981. 495 pp. 16 X 24 cm. Price $39.00 (Vols. 1-3, $90.00). 
The third volume of this series presents 16 new monographs on a VB- 


riety of therapeutic agents and topics, bringing the total number of 
monographs in this series to 52. Most of these reviews (in this volume as 
well as in the previous two) are concerned with specific drugs and are 
extensively referenced. 


Although Dr. Goldberg’s own research has emphasized central nervous 
system pharmacology, the book covers a wide variety of therapeutic 
classes such as cardiovascular agents, chemotherapeutic agents, and 
pulmonary/antiallergy agents, to name a few. The members of the edi- 
torial board also are cited for various areas of expertise. 


Volume 3 contains three monographs covering topical steroid therapy, 
eicosanoids and pulmonary function, and one entitled, “Assessing Drug 
Concentration/Effect Correlations: Implications for Research and 
Therapy.” 


The author encourages readers to write to him or one of the editors if 
it is felt that a drug or topic deserves consideration for future vol- 
umes. 


Staff review 


NOTICES 


A n  Introduction to Hazard and Operability Studies. The  Guide Word 
Approach. By R. ELLIS KNOWLTON. Chematics International Ltd , 
1770 Burrard St., Vancouver, B.C., Canada, V6J 3G7.1981.43 pp. 1’7 
X 24 cm. Price $7.00. 


Ap-GI-2nd International Conference on Pharmaceutical Technolog). 
Paris-3-5 June 1980. Association de Pharmacie Galenique Indus- 
trielle, Rue JB, Clement 92290. Chatenay-Malabry, France. 15 X 24 
cm. (each book). Price 800 FF complete set of five books, incl. taxes. 


Arzneistoffe. (Lehrbuch der Pharmazeutischen Chernie). By WALTER 
SCHUNACK, KLAUS MAYER, and MANFRED HAAKE. Frieder 
Viewen & Sohn, Verlagsgesellschaft mbH, Postfach 5829, D-6200, 
Wiesbaden 1, West Germany. 1981.608 pp. 17.5 X 24.5 cm. Price DM 
68.00. 


Basics of Electroorganic Synthesis. By DEMETRIOS K. KYRIACOU. 
Wiley, One Wiley Drive, Somerset, NJ 08873.1981.153 pp. 15 X 23 cm. 
Price $27.50. 


Behavioral Pharmacology. 2nd Ed. By SUSAN D. IVERSEN and 
LESLIE L. IVERSEN. Oxford University Press, 200 Madison Ave., 
New York, NY 10016.1981.305 pp. 15 X 23 cm. Price $17.95 cloth and 
$10.95 paper. 


Biomedical and Dental Applications of Polymers: Polymer Science and 
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Abstract The fluorescence stability on aging of three types of human 
albumin solutions was investigated. For the first 8 hr after preparation, 
the magnitude of the fluorescence of the albumin solutions examined did 
not undergo the large fluctuations with time that had been previously 
observed for bovine albumin solutions. The fluorescence intensity of each 
of the human albumin solutions examined appeared to undergo a small 
but consistent decrease with time for the length of each study. Based on 
these results, the practice of preparing human albumin solutions several 
hours prior to use simply to achieve fluorescence stability is unneces- 
sary. 


Keyphrases Fluorescence, stability-human albumin solutions 
Human albumin-evaluation of fluorescence stability 0 Stability, 


fluorescence-human albumin solutions 


The quenching of the intrinsic fluorescence of serum 
albumin and other proteins upon the binding of a ligand 
has been used for many years to study ligand-macromol- 
ecule interactions (1). In such studies it is important to 
correct the collected data for variations in fluorescence 
intensity that are due to factors other than the ligand- 
macromolecule interaction, such as the inner filter effect. 
Another factor that may affect the magnitude of the in- 
trinsic fluorescence of a protein molecule is the age of the 
protein solution. The magnitude of the fluorescence of 
freshly prepared solutions of crystallized bovine serum 
albumin at  pH 7.45 varies regularly as a function of time 
until the solutions are -5-hr old (2). Fluorescence values 
for one bovine serum albumin solution varied from an 
initial value of -72-65 after 2 hr, and to 85 after 3 hr before 
stabilizing at  a value of 78 after 5 hr. To avoid these time- 
dependent fluctuations in fluorescence intensity, solutions 
of bovine serum albumin were not used for ligand binding 
studies until they were 5-6-hr old. I t  was suggested that 
these fluctuations in fluorescence intensity may be the 
result of g slow obtainment of equilibrium among various 
conformational species of this protein or to hydration of 
the bovine serum albumin molecules followed by a rear- 
rangement to native structures. Similar events, which were 
termed conformational oscillations, were observed for 
other protein macromolecules (3). 


BACKGROUND 


In most ligand binding studies utilizing quenching of intrinsic fluo- 
rescence of human serum albumin, the possible effect of time was not 
discussed. However, the results of the study of the fluorescence stability 
of bovine serum albumin (2) have been applied to studies utilizing human 
serum albumin. In one binding study, solutions of both bovine and human 
serum albumin were not used for fluorescence quenching studies until 
the solutions were a t  least 6-hr old (4). In another study, measurements 
of the fluorescence of human serum albumin solutions were not taken 
until the solutions were 2-3-hr old (51, even though this is the time period 
when bovine serum albumin appears to undergo the greatest fluctuations 
in fluorescence (2). A different approach to the problem of fluorescence 


stability was used in another binding study (6). A reference solution of 
human albumin was used to correct the fluorometer for drifts in instru- 
ment response and for variations in intrinsic protein fluorescence during 
the titration of a second cell of human albumin with ligand. The magni- 
tude of any variation observed in the fluorescence of these albumin so- 
lutions with time was not given. Of course, any variation observed in the 
magnitude of fluorescence in this study could be the result of instrument 
drift and/or photodecomposition rather than, or in addition to, the 
variation in intrinsic albumin fluorescence. In addition, if serum albumin 
undergoes large fluctuations in fluorescence with time as a result of a 
time-dependent obtainment of ar i  equilibrium conformation, the binding 
of ligand could also be time dependent. 


Since most ligand binding studies are currently conducted utilizing 
human, rather than bovine, serum albumin, the stability of the magnitude 
of fluorescence of human albumin solutions was investigated. The fluo- 
rescence stability of: three types of human albumin was investigated, since 
any observed fluctuations in fluorescence could be the result of a time- 
dependent obtainment of an equilibrium conformation. The time re- 
quired to obtain this equilibrium conformation could possibly depend 
on the method used to purify the protein. 


EXPERIMENTAL 


Materials-Fraction V', crystalline2, and fatty acid-free fraction V3 
human albumin, and propranolol hydrochloride4 were used as received. 
Human albumin solutions were prepared using 0.1 M phosphate buffer 
(pH 7.4). The buffer was prepared from analytical grade dibasic sodium 
phosphate5, monobasic potassium phosphate5, and water purified by 
reverse osmosis followed by distillation. 


M solutions of human albumin were made a t  various time intervals after 
preparation on a spectrofluorometel.6 at excitation and emission wave- 
lengths of 283 and 351 nm, respectively. Excitation and emission slit 
widths of 2 and 10 nm, respectively, were used for all fluorescence mea- 
surements. The fluorescence sample cells had a pathlength of l cm and 
were oriented in the same direction in the cell holder for each fluorescence 
measurement during an experiment. The zero time point was set as the 
time a t  which the human albumin was first brought into contact with the 
buffer solution. No fluorescence measurements were made for the fol- 
lowing 30 min to  ensure complete dissolution of the protein. 


Fluorescence measurements were made at  ambient temperature (23.4 
f 0.6'). However, the temperature of the cell compartment of the spec- 
trofluorometer was found to increase steadily for the first 2 hr after the 
instrument was turned on. Therefore, an instrument warm-up time of 
a t  least 2 hr was used before any fluorescent measurements were taken. 
After temperature equilibration, the cell compartment temperature was 
-4' higher than room temperature. A time of 5 min was found to be 
sufficient for the temperature equilibration of samples placed inside the 
cell compartment. The effect of fluctuations in ambient temperature was 
apparently less than random error, since changes in the magnitude of 
fluorescence did not follow the variations in temperature observed during 
these studies. 


A solution of propranolol hydrochloride (1.3 pg/ml) in 0.01 N HCl was 
used as a reference solution for each fluorescence measurement to correct 
for drifts in spectrofluorometer response and to correct for variations in 


Methods-Measurements of the magnitude of fluorescence of 2 X 
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Lot 001395, Calbiochem-Behring Corp. 
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Table I-Results of Linear Regression Analysis of the Fluorescence Stability Data 


Human Albumin r2 y-Intercept Slope 95% Confidence Interval of the Slope 


Fraction V 0.179 64.3 -2.14 x 10-3 -7.79 x 10-4 to -3.49 x 10-3 
Crystalline 0.466 51.9 -3.76 x 10-3 -2.88 x 10-3 to -4.63 x 10-3 
Fatty acid-free fraction V 0.202 42.3 -2.45 x 10-3 -1.48 x 10-3 to -3.43 x 10-3 
Fraction Vo 0.464 63.7 -3.18 x 10-3 -1.67 x 10-3 to -4.69 x 10-3 
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Based on the data of Fig. 2. 


the fluorescence sample cells used. No detectable change in the magni- 
tude of the fluorescence of the reference solution occurred after 3 hr of 
continuous irradiation a t  the wavelength and slit width of excitation used 
in this study. The total irradiation time of the reference solution was not 
more than 15 min in subsequent experiments. 


T o  prevent photodecomposition of the protein solutions, aliquots of 
the same solution of human albumin were irradiated in the spectrofluo- 
rometer only once for the few seconds required for a fluorescence mea- 
surement. Except as otherwise noted, fluorescence sample cells were 
rinsed six times with water followed by two rinses in spectrophotometric 
grade acetone between each use. 


- 


RESULTS AND DISCUSSION 


The fluorescence intensities of human albumin solutions were deter- 
mined at various times for 480 min after preparation. The results ob- 
tained for fraction V, crystalline, and fatty acid-free fraction V human 
albumin are presented in Fig. 1. The three data points obtained a t  each 
time point were obtained for three different protein solutions. To allow 
sufficient drying time after rinsing, two different fluorescence sample 
cells had to be used for each albumin solution when fluorescence mea- 
surements were made every 15 min for crystalline and fatty acid-free 
fraction V human albumin. In an attempt to decrease data variability, 
fluorescence measurements were only made every 30 min using the same 
fluorescence sample cell for each solution of fraction V human al- 
bumin. 


The three types of human albumin were quite different with respect 
to the magnitude of their fluorescence. The magnitude of the fluorescence 
of each type of albumin was not corrected for differences in moisture 
content and purity. The greater fluorescence of fraction V as compared 


to  the crystalline form of human albumin was observed previously for 
bovine serum albumin (4). The fatty acid-free fraction V human albumin 
exhibited the smallest fluorescence intensity of the human albumins 
examined. This decrease in fluorescence intensity may not be related to 
the decrease in the fatty acid content of the preparation. The fluorescence 
intensities of two crystalline human albumin preparations were found 
to differ, but the preparation containing the lowest content of fatty acid 
was more fluorescent (7). The difference in the emission spectra for three 
different crystalline human albumin samples which had equal absorbance 
values at the wavelength of excitation was apparently due to impurities 
other than fatty acids (8). 


The magnitude of the fluorescence of the three types of human albumin 
examined in this study did not undergo the large fluctuations with time 
that had been previously observed for a bovine albumin solution (2). 
Therefore, it is not necessary to prepare these albumin solutions several 
hours prior to fluorescence measurements to allow the intrinsic protein 
fluorescence to stabilize. Of course, the proteins examined could have 
undergone conformational changes during this time period which were 
not reflected by changes in fluorescence intensity. 


While large fluctuations in fluorescence intensity with time were not 
observed with the human albumin solutions used in this study, the 
magnitude of the fluorescence of the solutions appeared to undergo a 
small but continuous decrease with time for the length of each study. 
Much of the variability in the data for each type of protein was due to 
differences between the individual protein solutions used. For each type 
of human albumin at each time point, one albumin solution consistently 
had the highest fluorescence intensity while another albumin solution 
consistently had the lowest fluorescence. The apparent decrease in the 
magnitude of the fluorescence of each human albumin solution observed 
480 rnin after preparation is not much greater than the experimental 


120 240 360 48 0 
MINUTES 


Figure 1-The magnitude of fluorescence of human albumin solutions 
upon aging, where 0 represents two identical experimental points and 


represents the linear regression line of the data. Key: A, fraction V; 
B, crystalline; and C, fa t ty  acid-free fraction V. 
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Figure 2-The magnitude of fluorescence of fraction V human albumin 
solutions upon aging when fluorescence sample cells are cleaned with 
sulfuric acid-dichromate solution between measurements. Key: 8 ,  the 
linear regression line of the data. 
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variability observed in the fluorescence intensity of the different albumin 
solutions a t  each time point. 


The results of linear regression analysis of the data for each type of 
human albumin are presented in Table I. While the r2  value for each set 
of data is very low, the slope of each set of data does have a small negative 
value and zero is not included in the 95% confidence interval of the slope. 
The points a t  t = 0 and t = 510 min in Fig. 1 represent the linear least- 
squares fit of the experimental data. The actual lines were not drawn so 
that the experimental data could be examined without obstruction. 


To determine if the small decrease in fluorescence intensity with time 
was due to inadequate washing of fluorescence sample cells between 
sample measurements, the experiment with fraction V human albumin 
was repeated. In this second study, fluorescence measurements were 
taken every hour to decrease the use of each sample cell. After each flu- 
orescence measurement the cells were rinsed once with water, filled with 
sulfuric acid-dichromate cleaning solution for 15 min and rinsed using 
the procedure used in the previous experiments. The results are presented 
in Fig. 2. The fluorescence intensities of the solutions again appeared to 
undergo a small decrease with time. The results of linear regression 
analysis of the data are presented in Table I. The slope has a small neg- 
ative value which is within the 95% confidence interval of the slope pre- 
viously obtained for fraction V human albumin. As observed previously, 
zero is not within the 95% confidence interval of the slope. Thus, this 
different method of sample cell treatment between fluorescence mea- 
surements had no significant effect on the apparent decrease in fluores- 
cence intensity of these protein solutions with time. 


In conclusion, the intrinsic fluorescence intensity of each of the solu- 
tions of human albumin examined in this study was very stable for the 


first 8 hr after preparation. Based on these results, the practice of pre- 
paring solutions of human albumin several hours prior to use simply to 
achieve fluorescence stability is unnecessary. Since the fluorescence in- 
tensity of each of the albumin solutions examined underwent a small, 
consistent decrease with time, i t  may be advisable to use a reference so- 
lution of human albumin, as described previously (6), to correct binding 
data obtained from the quenching of intrinsic human albumin fluores- 
cence by ligand. 
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Abstract  An ion-pair reversed-phase high-pressure liquid chroma- 
tographic technique capable of separating penicillin and its major deg- 
radation products within 8 min was developed. The influence of pH, 
counterion concentration, buffer concentration, and organic modifier 
content was studied and the observed behavior of the compounds during 
the chromatographic process was discussed. 


Keyphrases 0 Penicillin-major degradation products, separation by 
ion-pair reversed-phase high-pressure liquid chromatography Bigh- 
pressure liquid chromatography-ion-pair reversed-phase, separation 
of penicillin and its major degradation products Degradation prod- 
ucts-penicillin, separation by ion-pair reversed-phase high-pressure 
liquid chromatography 


Various analytical methods for the detection, separation, 
and/or quantification of penicillin in the presence of its 
degradation products have been reported (1-7). The most 
recent papers deal with anion-exchange chromatography 
(5), reversed-phase chromatography (61, and NMR spec- 
troscopy (7). NMR generally lacks sensitivity while the 
chromatographic approaches result in relatively long 
analysis times. However, the availability of small-particle 
size packings for reversed-phase chromatography suggests 
that very high chromatographic efficiencies and shorter 
analysis times can be expected with this procedure (8,9). 
The present paper describes a high-pressure liquid chro- 


matographic (HPLC) method that utilizes an ion-pair 
reversed-phase technique to separate penicillin and its 
three major degradation products: penillic acid, penicilloic 
acid, and penilloic acid in <8 min. 


EXPERIMENTAL 


Chemicals and  Reagents-Penicillin G potassium' and tetrabutyl- 
ammonium chloride2 were obtained commercially and used without 
further treatment. Penillic acid, penicilloic acid, and penilloic acid were 
synthesized by standard methods (10). Acetonitrile was HPLC grade3 
while all other chemicals were either USP or reagent grade. Double-dis- 
tilled water was used to prepare buffer solutions. 


Apparatus-A liquid chromatograph4 equipped with a fixed-wave- 
length UV absorbance detector set a t  254 nm was used. A commercial 
stainless steel column5 (150-mm X 4.6-mm i.d.) prepacked with 5-km 
particles, with the silanol groups chemically bonded to a monomolecular 
layer of octadecylsilane, was used. A strip-chart recorder6 recorded the 
detector output. 


Chromatographic Conditions-The mobile phase was composed 
of acetonitrile, phosphate buffer, and a counterion. The ion-pair reagent, 
tetrabutylammonium chloride, was dissolved in the phosphate buffer 
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Model ALC 202. Waters Associates, Framingham, Mass. 
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Abstract The metabolism of tocainide, an oral antiarrhythmic agent, 
was studied in male Wistar rats following oral administration of 15 mg/kg 
of tocainide hydrochloride. Qualitative and quantitative identification 
of the metabolites in urine was carried out by GC-mass spectrometry and 
electron capture detector gas chromatography. About 1520% of the dose 
administered was excreted as intact drug in the urine. An additional 20% 
of the dose was present as acid hydrolysable conjugates. Enzymatic hy- 
drolysis (P-glucuronidase) revealed half of the acid hydrolysable conju- 
gates to be a glucuronide. The enzyme mediated hydrolysis was blocked 
by its specific inhibitor saccharo-1,4 lactone. N-acetyl tocainide, an ox- 
idatively deaminated tocainide, an aldehyde adduct of tocainide, and a 
cyclic hydantoin derivative of tocainide were also identified as metabo- 
lites in the urine samples. 


Keyphrases 0 Tocainide-oral antiarrhythmic agent, study of me- 
tabolism, rats Metabolism-of tocainide, after oral administration in 
rats 0 GC-mass spectrometry-determination of metabolism of to- 
cainide, rats 


Tocainide, 2-amino-2',6'-propionoxylidide (I), a struc- 
tural analog of lidocaine (II), is an experimental antiar- 
rhythmic agent, presently undergoing clinical trials (1-4). 
In humans, tocainide is completely absorbed following oral 
administration (5), and most of the orally or intraperito- 
neally administered dose, up to 15 mglkg, of tocainide is 
absorbed in rats (6). Kinetic studies carried out in rats 
revealed the presence of dose dependent elimination of 
tocainide 120 mg/kg (6). Identification of the pathways 
contributing to the nonlinearity was not possible previ- 
ously due to the lack of information on the metabolism of 


\ CH:, CH., 


I 


CH 
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tocainide in rats. The present report describes the meta- 
bolic fate of tocainide in male Wistar rats. 


EXPERIMENTAL 


Animal Experimentation-Adult male Wistar rats with an average 
weight of 200 g (190-210 g) were used in the present study (animals were 
obtained from the University of British Columbia animal care unit). The 
animals were maintained in 0.41- X 0.34- X 0.18-m metallic cages (6 
rats/cage) in a controlled environment (24") for at least 3 days prior to 
experimentation. Wooden shavings were used as bedding under elevated 
cages (18 cm from the bottom of the cages). The photoperiod was con- 
trolled to provide a dark cycle from 8 pm to 6 am and a light cycle from 
6 am to 8 prn. The animals had access ad  libitum to food (rat chow) and 
water during this period. The animals were fasted for 8-10 hours prior 
to and during the experiments; however, water was allowed a d  li- 
bitum. 


An aqueous solution of tocainide hydrochloride' or 3',4',5'-trideuter- 
ated tocainide hydrochloride was given orally (stomach tube) to animals 
under light ether anesthesia. Dosed animals were housed in separate 
stainless steel metabolic cages (24.5 X 17.5 X 18 cm) with facilities for 
collecting urine samples free of fecal contamination, into an amber-col- 
ored bottle. Twenty-four hours postdose, the sides of the cage and the 
collecting funnel were washed three times with distilled water to recover 
all excretory products. The urine samples were stored in the freezer until 
analyzed. 


Analytical Methods-Measurement of intact tocainide in urine 
samples was carried out by using an electron capture detector gas chro- 
matographic method previously reported (7). 


The presence of conjugated tocainide in urine samples was determined 
by acidic and enzymatic hydrolysis. For the acid hydrolysis, 1 ml of urine 
was incubated with 1 ml of 1 N HC1 in a sealed glass ampul for 1 hr a t  
100". An aliquot of this solution was used for the analysis of tocainide. 


Preliminary studies with enzymes from different sources suggested 
maximal hydrolysis of the conjugates to occur when bovine liver 0-glu- 
curonidase was used. The enzymatic hydrolysis involved the addition 
of 1 ml of 1 M acetate buffer (pH 5.0) and 0.2 ml of P-glucuronidase2 to 
1 ml of urine and incubation of the mixture a t  37" for 24 hr. At the end 
of the incubation period the samples were analyzed for intact tocainide. 
Additional experiments were also carried out to determine the effect of 
saccharo-1,4-1actone3, 0.1 mM final concentration, on the enzyme me- 
diated hydrolysis of tocainide conjugates. 


Multiple extraction of the urine samples (25-30 ml), without any pH 
adjustments or a t  pH 9.0 (ammonium hydroxide and ammonium car- 
bonate) or a t  pH 9.0 and 12.0 using sodium hydroxide, was carried out 


' Astra Pharmaceutical Products, Framingharn, Mass. 


3 Calbiochem, La Jolla, Calif. 
Glucurase, Sigma Chemical Co., St. Louis, Mo. 
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Figure 1-Acid hydrolysis of tocainide conjugate i n  oven at 100". Data 
presented as mean f SD. T h e  number in t h e  parentheses refers to  t h e  
number of experiments carried out. a = 1-hr incubation time; b = 2-hr 
incubation time. 


in a separatory funnel with an equal volume of methylene chloride4. In 
another experiment the urine samples (25 ml) were freeze-dried and the 
residue was dissolved in methanol (5 ml). The methanolic solution was 
then filtered and concentrated to -1 ml under nitrogen at  room tem- 
perature. Methylene chloride and methanolic extracts of urine were an- 
alyzed by GC-mass spectrometry5 to determine the presence of other 
metabolites of tocainide. The GC component of the GC-mass spectro- 
metric system was equipped with a 1.8-m X 2-mm i.d. coiled glass column 
packed with Silar 10 C6 coated on ChromoSorb W-HP (100-120 mesh). 
The injection port temperature was 170" and the oven temperature was 
programmed from 100 to 250" at  lO"/min. The temperature was held a t  
250' until the end of the analysis. Helium was used as a carrier gas a t  a 
flow rate of 30 ml/min. The temperature of the separator was 280". The 
ionization energy was 70 eV and the accelerating voltage was 820 V. The 
mass spectrometer was operated in the scanning mode and the mass 
spectra were recorded continuously at  5-sec intervals during an entire 
run. 


Methylation of the extracted samples was carried out by the addition 
of 100 jd of trimethylanilinium hydroxide7 and subsequent incubation 
at  100' for -10 min. 
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Figure 2-GC-mass spectrometer total ion current trace of methylene 
chloride extract of urine sample using Silar 10-C column. 


4 Caledon Laboratories, Ontario, Canada. 
5 Varian Mat 111 GC/MS with Data Base. 


7 Methelute, Pierce Chemical Co., Rockford, Ill. 
Applied Science Laboratories, State College, Pa. 
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Figure 3-Mass spectrum and the postulated structure of a metabolite 
of tocainide (III). This compound corresponds to  peak A of Fig. 2. 


RESULTS 


The results of the acid hydrolysis studies are summarized in Fig. 1. 
Incubation of the urine samples with hydrochloric acid liberated tocainide 
corresponding to >15% of the dose administered. Control experiments 
carried out in the absence of any acid revealed nearly a 20% loss of to- 
cainide during the experimental process following 1 hr of hydrolysis. This 
would imply that the actual amount of tocainide present as conjugate 
would be >20% of the administered dose. Longer periods of incubation 
(2 hr) resulted in further reduction in the recovery of tocainide from the 
conjugates. This could be due to the breakdown of tocainide under the 
conditions of hydrolysis employed in this study. 


Enzymatic hydrolysis (fi-glucuronidase) of the urine, revealed the 
presence of nearly 7% of the dose administered as a glucuronide conjugate. 
The enzymatic hydrolysis mediated by fi-glucuronidase was blocked by 
its specific inhibitor saccharo-1,4-lactone, thus confirming the conjugate 
to be a glucuronide. The percent of dose recovered as intact tocainide in 
untreated urine, fi-glucuronidase treated urine, and urine treated with 
P-glucuronidase and saccharo-1,4-lactone were 17.5 f 1.1 (n = 3), 24.0 
f 0.7 (n  = 3), and 17.0-17.7 ( n  = 2). 


1 oc 


c 
v) z 
w 
I- 


w 


I- 


w 


z 
2 
4 
a j_ 


I20 


I 
60 80 100 120 140 160 180 200 


m /I 


Figure I-Mass spectrum and the postulated structure of a metabolite 
of tocainide (IV). This  compound corresponds to  peak B of Fig. 2. 
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Figure !&Mass spectrum and the postulated structure of a metabolite 
of tocainide (V). This compound corresponds to peak C of Fig. 2. 


Other Metabolites of Tocainide-The chromatogram obtained 
following injection of the methylene chloride extract of tocainide onto 
a Silar 10 C column of the GC-mass spectrometer is shown in Fig. 2. 
Confirmation as to the origin of peaks A, B, C, D, and E were obtained 
from studies using trideuterated tocainide. The presence of molecular 
ions at m/z values of (M f 3) following analysis of the urine of rats ad- 
ministered trideuterated tocainide pointed to tocainide as the source of 
these peaks. Since all three deuterium labels were present in all of these 
peaks, it was inferred that these peaks result from modification of the 
structure by metabolism at  the side chain. The other peaks present in 
the chromatogram were from endogenous materials in the urine. 


Peak A-Peak A appeared in the methylene chloride extract of urine 
samples at pH 9.0 as well as in the methanolic extract of the freeze-dried 
urine samples with a retention time of -5 min. The mass spectrum and 
the postulated structure of the compound (111) are shown in Fig. 3. The 
molecular ion was at m/z 121 (124) and the base peak was at m/z 106 
(109). The compound, however, seems to account for <5% of the dose 
administered. 


Peak B-Peak B was present in the methylene chloride and the 
methanolic extract of the urine samples. The molecular ion at  m/z 191 
corresponds to a composition of CllH13N02 (Fig. 4). The presence of 
peaks at  m/z 105,120, and 148 suggested intactness of the carboxy-xyl- 
idide moiety of tocainide. The abundant peak at  m/z 43 corresponded 
to C2H30. This compound (IV) eluted at about 10 min in the chromato- 
gram and was also present in small quantities in the urine samples. 


Peak C-Peak C was present in the following extracts of rat urine: (a) 
direct extraction of urine with methylene chloride; (b)  extracts of urine 
at pH 9.0 (ammonium carbonate and ammonium hydroxide) with 
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Scheme I-Proposed metabolic products of tocainide. The structures 
and the relatiue amounts of the proposed metabolites of tocainide. The 
percentage values are the percent of dose excreted as a particular 


metabolite. 


methylene chloride; (c) extracts of acid hydrolyzed urine extracted with 
methylene chloride at  pH 9.0 (ammonium carbonate and ammonium 
hydroxide); (d) methanolic extracts of freeze-dried urine. 


When subjected to mass spectral analysis, this compound revealed a 
molecular ion at  m/z 218 suggesting the addition of 26 mass units to the 
parent compound (Fig. 5). The presence of m/z 221 in studies using the 
trideuterated tocainide suggested that all three deuterium atoms are 
present in this compound. The persistence of the deuterium atoms in the 
aromatic ring was also evident from the presence of the following peaks: 
m/z 105 (1081,120 (123), 132 (1351,148 (151), 177 (180),190 (193), and 
203 (206). The presence of ions of the following composition: CsHg (105), 
CsHloN (1201, C9HloNO (148). ClIHIbNO (1771, and CllH14N20 (190) 
indicated the intactness of the major skeleton to tocainide. The peak at  
m/z 203 (M -15) suggested the presence of a methyl group as part of the 
structural modification. Ions of m/z 28 (CZH~),  42 (C~HIN), and 70 
(CdHeN) in samples obtained following administration of tocainide or 
trideuterated tocainide indicated that these fragments must arise from 
the side chain. The fragmentation, thus observed, corresponds to an al- 
dehyde adduct (V) of tocainide. The adduct appears to be one of the 
major metabolic pathways of tocainide in rats. Preliminary estimates 
show nearly 15% or more of the dose of tocainide to be eliminated uia this 
metabolic pathway. 


Peak D-Peak D in Fig. 2 corresponded to intact tocainide. Nearly 
20% of the dose administered appeared in the urine as intact drug in the 
24-hr period following drug administration. 


Peak E-Direct extraction of the urine samples with methylene 
chloride or extraction, following adjustment of the urine pH to 9.0 with 
ammonium carbonate and ammonium hydroxide or sodium hydroxide, 
resulted in peak E which eluted a t  -23 min. 


The parent ion at m/z 218 (221) suggested this compound to be a 
product from tocainide with the addition of 26 mass units (Fig. 6). Ions 
of the composition CsH9 (105) and CsH9N (122) indicate the xylidine 
moiety of tocainide to be intact. The presence of a peak at m/z 119 (122) 
and not at 120 (123) indicates the xylidhe nitrogen to be tertiary. The 
abundance of m/z at 147 (150) indicates that the carboxylidine moiety 
of tocainide is also intact but for the loss of one hydrogen atom, further 
suggesting that the amide nitrogen is tertiary and possibly part of a cyclic 
system. The presence of a methyl group is indicated by m/z at 203 ( M  
-15). The compound could be methylated (implying the presence of a 
replaceable hydrogen) but failed to form any derivative with heptafluo- 
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robutyric anhydride7. The mass fragmentation pattern of this compound 
was identical with the fragmentation pattern of 3-(2,6-xylyl)-5-methyl 
hydantoin (VI)I. 


The relative amounts of VI in the methanolic extract was quite high 
as compared to the methylene chloride extract. This could be due to the 
generation of the cyclic compound from the glucuronide conjugate that 
was dissolved in methanol. 


DISCUSSION 


The metabolic products of tocainide are summarized in Scheme I. 
Following oral, intravenous, or intraperitoneal administration of tocainide 
(15 mg/kg) to rats, -15-20% of the dose is excreted as intact drug over 
a 24-hr period (6). Nearly 44% of an oral dose was excreted as free to- 
cainide in humans while an acid or p-glucuronidase hydrolyzable me- 
tabolite accounted for nearly 23% of the tocainide dose administered (8). 
A novel biotransformation pathway was put forth to explain the dispo- 
sition of tocainide in humans (8). The proposed structure of this me- 
tabolite was tocainide carbamoyl 0-P-D-glucuronide. During preliminary 
work in rats, the authors identified the presence of a similar conjugate 
of tocainide in rat urine. Acid hydrolysis (nonspecific) as well as enzyme 
(0-glucuronidase) hydrolysis (specific for glucuronide conjugate) of the 
urine samples were carried out to determine the nature of the conju- 
gates. 


Use of 0-glucuronidase corresponding to 1000 U of enzyme resulted 
in maximal release of tocainide from its conjugates. Addition of trace 
quantities (10 ~ l )  of chloroform as suggested previously (9) did not result 
in any increase in the yield of tocainide from the conjugates. Under the 
conditions of the enzymatic hydrolysis (24 hr a t  37O), no detectable 
degradation of tocainide was observed. Enzymatic hydrolysis resulted 
in the liberation of tocainide, equivalent to -7-10% of the dose admin- 
istered. Addition of saccharo-1,4-lactone into the incubation medium 
prevented the enzyme mediated hydrolysis of the conjugate, thus indi- 
cating the conjugate to be a glucuronide. 


Acid hydrolysis of the urine sample resulted in the liberation of to- 
cainide corresponding to -20% of the administered dose. Simultaneous 
experiments showed that there is a loss of nearly 20% of tocainide in the 
control samples (urine sample-distilled water instead of 1 N HCI). This 
suggested that one is probably underestimating the amount of acid hy- 
drolysable conjugates by the method used, due to the degradation of 
tocainide at  the pH and temperature used for acid hydrolysis. Further 
proof for this hypothesis came about from the stability studies of to- 
cainide carried out a t  different temperatures and in the presence of acid 
of different strength. An increase in the strength of the acid (1 N to 12 
N )  as well as the time of incubation resulted in a progressive reduction 
in the amount of tocainide remaining in an aqueous solution of the drug 
a t  100’. Consistent with this observation, incubation of the urine samples 
for a longer period of time (>2 hr) or with acids of higher normality (2 
N ,  6 N ,  or 12  N )  provided decreased estimates of the conjugates present 
in urine. The use of higher temperatures (autoclaving of the urine sample 
with water for 35 min) also degraded tocainide, but to a greater extent 
than that seen a t  100”. 


During these experiments tocainide was observed to degrade at  a faster 
rate in the presence of urine. T o  determine the possible role of urea in 
this degradation, tocainide was incubated with 8 M urea for 1 hr a t  100’. 
A t  these higher concentrations of urea marked degradation of tocainide 
was observed. I t  is possible that the degradation of tocainide a t  higher 
temperature is to some extent related to the urea in the urine sample. 
Hence, it should be noted that the estimates of the acid hydrolysable 
conjugates carried out in the present study are only an approximation 
of the actual amount present in the urine. 


Experiments carried out under optimal conditions for the enzymatic 
hydrolysis of the glucuronide conjugates of tocainide did not account for 
all of the conjugates observed following acid hydrolysis. I t  would appear 
that there are other conjugates of tocainide which also yield tocainide 
following acid hydrolysis. Acetylation is a known metabolic pathway for 
the elimination of primary amines (10). GC-mass spectrometric analysis 


has identified the presence of small quantities of N-acetyl derivative of 
tocainide in the rat urine. It is also possible that tocainide is eliminated 
by an as yet unidentified conjugation pathway. 


Cleavage of the amide group (amide hydrolysis) has been shown to be 
a metabolic pathway for the elimination of a number of lidocaine analogs 
(11-14). In the present study, small quantities of 2,6-dimethylaniline were 
observed as a metabolite of tocainide (Fig. 3). 


Condensation of a metabolite of lidocaine with acetaldehyde generates 
N’-ethyl-2-methyl-N3-(2,6-dimethylpbenyl)-4-imidazolidinone (14). 
Such condensation reactions can occur under very mild reaction condi- 
tions (14). An aldehyde adduct of tocainide was observed in relatively 
large quantities (nearly 15% of the dose administered in the present 
study). The adduct was present in the methylene chloride and the ether 
extract of the urine samples. 


A small quantity of oxidatively deaminated tocainide was also proposed 
to be present as a metabolite in rats (Fig. 4). 


In addition to being formed from an unstable metabolite of tocainide, 
the cyclic compound was also present in small quantities in the urine 
sample as inferred by its presence in the methylene chloride extract of 
the urine sample a t  pH < 9.0 (15). The presence of a cyclic hydantoin 
metabolite of etidocaine in humans was reported previously (11). This 
hydantoin metabolite was a close structural analog of the cyclic metab- 
olite observed in the preseht study. 


Thus, the metabolic pathway shown in Scheme I accounts for nearly 
6670% of the dose of tocainide. Even though not identified in the present 
study, hydroxylation of the aromatic ring is a possible additional pathway 
of elimination of tocainide. 
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that have been applied to the analysis of the drug are presented. However, 
quantitation by gas chromatography-mass spectrometry-single-ion 
monitoring, which is far more reliable and sensitive than most other 
methods, is emphasized. A detailed description of gas chroma1,o- 
graphic-mass spectrometric methodology is provided. In addition, each 
chapter has its own reference section, which provides ample documen- 
tation. 


This monograph enables the investigator to choose the best analytical 
method for a particular drug based on the materials and equipment 
available. In addition, the design of basic experimental protocols should 
be greatly facilitated with the information contained within this volume. 
Although this book is intended for those in the field of drug abuse, i t  
should be helpful to anyone interested in undertaking an analysis of any 
drug by gas chromatography-mass spectrometry. 


Reviewed by Billy R. Martin 
Department of Pharmacology 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 
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system pharmacology, the book covers a wide variety of therapeutic 
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umes. 
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variability observed in the fluorescence intensity of the different albumin 
solutions a t  each time point. 


The results of linear regression analysis of the data for each type of 
human albumin are presented in Table I. While the r2  value for each set 
of data is very low, the slope of each set of data does have a small negative 
value and zero is not included in the 95% confidence interval of the slope. 
The points a t  t = 0 and t = 510 min in Fig. 1 represent the linear least- 
squares fit of the experimental data. The actual lines were not drawn so 
that the experimental data could be examined without obstruction. 


To determine if the small decrease in fluorescence intensity with time 
was due to inadequate washing of fluorescence sample cells between 
sample measurements, the experiment with fraction V human albumin 
was repeated. In this second study, fluorescence measurements were 
taken every hour to decrease the use of each sample cell. After each flu- 
orescence measurement the cells were rinsed once with water, filled with 
sulfuric acid-dichromate cleaning solution for 15 min and rinsed using 
the procedure used in the previous experiments. The results are presented 
in Fig. 2. The fluorescence intensities of the solutions again appeared to 
undergo a small decrease with time. The results of linear regression 
analysis of the data are presented in Table I. The slope has a small neg- 
ative value which is within the 95% confidence interval of the slope pre- 
viously obtained for fraction V human albumin. As observed previously, 
zero is not within the 95% confidence interval of the slope. Thus, this 
different method of sample cell treatment between fluorescence mea- 
surements had no significant effect on the apparent decrease in fluores- 
cence intensity of these protein solutions with time. 


In conclusion, the intrinsic fluorescence intensity of each of the solu- 
tions of human albumin examined in this study was very stable for the 


first 8 hr after preparation. Based on these results, the practice of pre- 
paring solutions of human albumin several hours prior to use simply to 
achieve fluorescence stability is unnecessary. Since the fluorescence in- 
tensity of each of the albumin solutions examined underwent a small, 
consistent decrease with time, i t  may be advisable to use a reference so- 
lution of human albumin, as described previously (6), to correct binding 
data obtained from the quenching of intrinsic human albumin fluores- 
cence by ligand. 
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Abstract  An ion-pair reversed-phase high-pressure liquid chroma- 
tographic technique capable of separating penicillin and its major deg- 
radation products within 8 min was developed. The influence of pH, 
counterion concentration, buffer concentration, and organic modifier 
content was studied and the observed behavior of the compounds during 
the chromatographic process was discussed. 


Keyphrases 0 Penicillin-major degradation products, separation by 
ion-pair reversed-phase high-pressure liquid chromatography Bigh- 
pressure liquid chromatography-ion-pair reversed-phase, separation 
of penicillin and its major degradation products Degradation prod- 
ucts-penicillin, separation by ion-pair reversed-phase high-pressure 
liquid chromatography 


Various analytical methods for the detection, separation, 
and/or quantification of penicillin in the presence of its 
degradation products have been reported (1-7). The most 
recent papers deal with anion-exchange chromatography 
(5), reversed-phase chromatography (61, and NMR spec- 
troscopy (7). NMR generally lacks sensitivity while the 
chromatographic approaches result in relatively long 
analysis times. However, the availability of small-particle 
size packings for reversed-phase chromatography suggests 
that very high chromatographic efficiencies and shorter 
analysis times can be expected with this procedure (8,9). 
The present paper describes a high-pressure liquid chro- 


matographic (HPLC) method that utilizes an ion-pair 
reversed-phase technique to separate penicillin and its 
three major degradation products: penillic acid, penicilloic 
acid, and penilloic acid in <8 min. 


EXPERIMENTAL 


Chemicals and  Reagents-Penicillin G potassium' and tetrabutyl- 
ammonium chloride2 were obtained commercially and used without 
further treatment. Penillic acid, penicilloic acid, and penilloic acid were 
synthesized by standard methods (10). Acetonitrile was HPLC grade3 
while all other chemicals were either USP or reagent grade. Double-dis- 
tilled water was used to prepare buffer solutions. 


Apparatus-A liquid chromatograph4 equipped with a fixed-wave- 
length UV absorbance detector set a t  254 nm was used. A commercial 
stainless steel column5 (150-mm X 4.6-mm i.d.) prepacked with 5-km 
particles, with the silanol groups chemically bonded to a monomolecular 
layer of octadecylsilane, was used. A strip-chart recorder6 recorded the 
detector output. 


Chromatographic Conditions-The mobile phase was composed 
of acetonitrile, phosphate buffer, and a counterion. The ion-pair reagent, 
tetrabutylammonium chloride, was dissolved in the phosphate buffer 


1 Sigma Chemical Co., St. Louis, Mo. 
Aldrich Chemical Co., Milwaukee, Wis. 
Waters Associates, Milford, Mass. 
Model ALC 202. Waters Associates, Framingham, Mass. 


Omniscribe recorder, Houston Instruments, Houston, Tex. 
5 Ultrasphere-ODs, Beckman Instruments, Irvine, Calif. 
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RESULTS AND DISCUSSION 


Penicillin and its major degradation products contain carboxylic acid 
functional groups with pH-dependent ionic states. Consequently, in the 
past, anion-exchange chromatography was usually used for the separation 


I I I I 
5.5 6.0 6.5 7.0 7.5 


PH 
Figure 2-Plots of the capacity factor versus the mobile phase pH. Key: 
0, penicillin; 0, penicilloic acid; A,& penilloic acid; and 0, penillic 
acid. 


7 Millipore Corp., Bedford, Mass. 
Rheodyne model 70-10, Rheodyne, Berkeley, Calif. 
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Figure 3-Plots of the capacity factor versus the concentration of the 
ion-pair reagent in the mobile phase. Key: 0, penicillin; 0, penicilloic 
acid; A,A, penilloic acid; and 0, penillic acid. 
of these compounds. A reversed-phase mode utilizing an ion-suppression 
technique also was employed to achieve separation. However, in addition 
to having long analysis times, both methods use mobile phases with pH 
values less than optimum with respect to the stabilities of the compounds 
being analyzed. 


The ion-pair reversed-phase technique reported here combines the 
advantages of both methods and also utilizes mobile phases with pH 
values compatible with the chemical stabilities of the solutes (10,ll).  The 
pH range selected (6.0-7.5) satisfies the requirement that bonded-phase 
columns not be used at  high pH while also maximizing the ionization of 
the solutes, despite the reported rise in pKa values as organic modifiers 
are added to aqueous solutions (12). 


The effects of pH, counterion concentration, acetonitrile content, and 
phosphate buffer concentration on the capacity factors (k') and separa- 
tion selectivities were studied (Figs. 1-4). The k' values of penicillin and 
its major decomposition products were affected substantially by a change 
in the percent composition of acetonitrile in the mobile phase (Fig. I). 
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Figure 4-Plots of the capacity factor versus the phosphate buffer 
concentration in the mobile phase. Key: 0, penicillin; 0, penicilloic 
acid; A,& penilloic acids; and 0, penillic acid. 
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Figure 5-Ion-pair reversed-phase high-pressure liquid chromatogram 
of penicillrn and its major degradation products. Key: A ,  penillic acid; 
B ,  penilloic acid; C ,  penicilloic acid; and D ,  penicillin. 


At high acetonitrile concentrations, all four compounds gave sharp and 
symmetrical peaks; however, the capacity factors were so close to each 
other that the resolution was inadequate. Lowering the acetonitrile 
content improved the resolution significantly. Even the single peak of 
penilloic acid was partially resolved into two peaks which presumably 
represent the 5R and 5S, diastereoisomers of the compound (7). 


Maximum k‘ values for penicillin, penicilloic acid, and penilloic acid 
were obtained between pH 6.0 and 6.5, when the compounds were com- 
pletely ionized and ion-pair formation was at  a maximum (Fig. 2). As the 
pH of the mobile phase increased, the k’ values of the three anionic 
compounds decreased, presumably because hydroxyl ions compete with 
them and reduce the number of ion-pairs that would be formed (13). 
Although the penillic acid pK1 and pK2 values were similar to the ion- 
ization constants of the other three compounds (14), its capacity factor 
increased proportionally with an increase in pH. 


Initially, the k‘ values of the sample molecules increased as the con- 
centration of the ion-pair reagent was raised, but leveled off at higher 
concentrations (Fig. 3). This was expected because, once all sample anions 
form ion-pairs, the excess counterions would have no direct effect on 
retention. However, the ionic strength of the mobile phase increases and, 
in turn, varies the capacity factors. At low concentrations of ion-pair 
reagent, the retention times of the compounds are greatly reduced since 
the number of counterions available is insufficient for maximum ion-pair 
formation. 


Furthermore, an increase in buffer concentration in the mobile phase 
led to a significant decrease in k’ values of penicillin and its degradation 
products (Fig. 4). This was thought to be due mainly to the phosphate 
ions tying up the counterions, which would otherwise form ion-pairs with 


sample molecules. The simultaneous increase in ionic strength also in- 
fluences the k’ values of sample anions. 


Logarithmic plots of the capacity factors and the four parameters 
studied showed linear relationships with correlation coefficients >0.99. 
The slopes of the curves in each graph were not always the same, clearly 
indicating the array of selectivities offered by the chromatographic 
system. 


The composition of the mobile phase used to develop the chromato- 
gram in Fig. 5 was determined by these studies. A pH of 7.5 was chosen 
because the peaks of the compounds were significantly removed from the 
solvent front and the compounds that eluted last had the lowest K‘ value 
compared to those at other pH values. Both 0.008 and 0.012 M tetrabu- 
tylammonium chloride yielded excellent resolution of the four com- 
pounds, but the former concentration was selected because it gave better 
resolution between the penicillin and penicilloic acid peaks, thus reducing 
the probability of overlap that might occur a t  high penicillin concen- 
trations. A 0.006 M buffer concentration in the mobile phase offered the 
best selectivity and was taken as the optimum value. A 30% acetonitrile 
concentration was used since it provided maximum separation and rea- 
sonable analysis time. 


The described chromatographic method could be extended to include 
other degradation products of penicillin. The four compounds studied 
were selected primarily for two reasons: ( a )  penicilloic acid, penillic acid, 
and penilloic acid are of prime importance in stability studies since they 
are major decomposition products of penicillin in acidic and basic media, 
and ( b )  since penicillin and penilloic acid are monocarboxylic acids, and 
penicilloic and penillic acids are dicarboxylic acids, a detailed study of 
their behavior in ion-pair reversed-phase chromatography could assist 
in the application of this analytical method for other degradation prod- 
ucts of penicillin and similar compounds of pharmaceutical interest. 
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Abstract 0 To elucidate the kinetics and mechanisms of subcutaneous 
absorption of practically water-insoluble drugs in oily solutions, the ab- 
sorption behaviors of select azo dyes and other prototype agents were 
investigated by a local clearance method in the dorsum in intact rats. The 
absorption of the drug components appeared to be first-order. The 
first-order rate constant (k )  was inversely proportional to the cube root 
of the injection volume. In more limited studies, essentially the same 
behavior was observed in the rat abdomen, and the difference in k be- 
tween the dorsal and abdominal injections was slight. The comparison 
of k of a given compqund from different oily vehicles showed that k was 
governed predominantly by the distribution coefficient ( K )  between the 
oily vehicle and the aqueous subcutaneous medium and depended little 
on the viscosity of the vehicle. This distributioning relationship was 
shown through correlation of the rate constants with in uitro distribution 
coefficients. A plot of log k uersus log K for all the compounds tested was 
linear with a slope of --0.7. This linear relationship allows adequate 
prediction of absorption rates of other drugs from oily vehicles. The ob- 
served subcutaneous absorption rates and behaviors are compared with 
previous results involving the intramuscular route. 


Keyphrases 0 Absorption, subcutaneous-from solutions in water 
immiscible oils, rats Water-insoluble drugs-subcutaneous absorption 
from solutions in water immiscible oils, rats 0 Drug clearance-local 
clearance method following subcutaneous injection of practically 
water-insoluble drugs, drug absorption kinetics from oily solution, 
rats. 


A previous study (1) investigated the intramuscular 
absorption characteristics of practically water-insoluble 
drugs in oily solutions in rats and considered the major 
factors governing the absorption kinetics. In parenteral 
drug administration, the subcutaneous route is as useful 
and important as the intramuscular route for early 


I A 


Figure 1-Absorption time course of p-hydroxyazobenzene in sesame 
oil solution after subcutaneous injection into the intact rat. Initial drug 
concentration (Co), 1 mglml; injection uolume (Vo), 0.5 ml. Each data 
point represents the mean of four or five experiments and the vertical 
bar indicates the standard deuiation. 


screening and preclinical testing of drugs in laboratory 
animals. The extensiveness of the subcutaneous tissue and 
its porosity and loose attachment allow injections of larger 
volumes than can be easily given intramuscularly. Thus, 
subcutaneous administration is applicable for dose-re- 
sponse experiments and multiple dosing experiments in 
small animals. 


Since the publication of Schou's review (2) of drug ab- 
sorption from subcutaneous connective tissue, there has 
been an increasing interest in quantitatively evaluating the 
subcutaneous absorption rate of drugs (3-6). However, 
very little work has been done on the absorption charac- 
teristics of marginally water-soluble drugs relative to 
highly water-soluble drugs in aqueous solution. The ab- 
sorption rate and the resulting pharmacological responses 
of hydrophobic drugs are dependent primarily on the 
dosage form or physicochemical state of the preparation, 
and thus, it is very important to clarify the relationship of 
the kinetics of release of such drugs to the physical form 
in which they were administered. 


The present study was undertaken to  clarify the ab- 
sorption mechanisms and kinetics attending subcutaneous 
injection of practically water-insoluble drugs in oily solu- 
tions and to compare them with intramuscular injection. 
Several azo compounds and testosterone were used as 
model drugs and a variety of water-immiscible oils were 
used as model vehicles. Subcutaneous absorption rates of 
these model drugs were measured in intact rats by a local 
clearance method first reported by Secher-Hansen e t  al. 
(3). Rates were compared across diverse experimental 
systems and conditions to evaluate the contribution of 
physicochemical factors to the kinetic process. 


EXPERIMENTAL 


Materials-Azo dyes (p-hydroxyazobenzene', p-aminoazobenzene2, 
o-aminoa~otoluene~, 1-phenylazo-2-naphth~lamine~), and testosterone2 
were selected as model compounds. These compounds are unionized 
under physiological conditions and are the same as used in a previous 
study (1). Sesame oil4, medium-chain (Cs-Cl2) tr igly~erides~, isopropyl 
myristate6, diethyl sebacate6, and simethicone7 were selected for their 
wide ranging viscosities and solubilizing powers. Other than sirnethicone, 
the oils were the same as used previously (1). All other chemicals used 
in this study were of analytical or reagent grade. 


Preparation of Test Solutions-Test injection solutions for the 
absorption studies were prepared by dissolving the drugs in the oily media 
and then clarifying the media by passing the solutions through membrane 
filters (1). All test solutions of the azo dyes and testosterone were ascer- 


Eastman Kodak Co., New York. 
Tokyo Kasei Kogyo Co., Ltd., Japan. 
Ishizu Pharmaceutical Co., Ltd., Japan. 
Maruishi Pharmaceutical Co., Japan. 
Miglyol812, Chemische Werke Witten, West Germany 
Nikko Chemicals Co., Japan. 
KF  96 (20), Shinetsu Kagaku Kogyo Co., Japan. 
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Figure 2-Effect of initial concentration (CO) on the subcutaneous 
absorption of p-hydroxyazobenzene in sesame oil (VO = 0.5 ml). Each 
data point represents the mean of a t  least three experiments and the 
uertical bar indicates the standard deoiation. Key: (Ca) Qi, 1 mglml; 3, 
5 mglml; 0,20 mglml. 


tained to be chemically and physically stable over the experimental pe- 
riod. 


Procedure for Subcutaneous Absorption-Male Wistar albino rats 
(260-280 g) were used in all absorption experiments. Prior to an experi- 
ment, the hair in the center region (area, 5 X 5 cm2) of the dorsum (or 
abdomen) of the rat was removed with an electric clipper8. With the rats 
under light anesthesia with ether, a given volume of test solution was 
injected into the subcutaneous space near the center of the shorn area 
using a calibrated syringe connected to a 0.50 X 25-mm needleg a t  an 
injection speed between 0.04 and 0.4 ml/sec. Immediately after with- 
drawal of the needle, a rapidly drying adhesive'O was applied to the in- 
sertion site to prevent leakage. During an absorption experiment, each 
rat was housed in a cage and allowed freedom of movement and easy ac- 
cess to water and food. At various intervals postinjection, each rat  was 
decapitated and bled, and the tissues around the injection site containing 
the oily depot were excised as completely as possible and then minced. 
Drug remaining at  the injection site was extracted from the minced tissues 
with 20 ml of ethyl acetate, and the amount of drug was determined. Most 
of the test compounds recovered from the tissue were within the oily 
deposits and there appeared to be little drug recovered from the sur- 
rounding tissues. Decomposition and metabolism of the model com- 
pounds at  the injection site were presumed to be negligible; thus, their 
clearance in the absorption experiments is mainly attributed to removal 
by blood and lymphatic flows. Three to five rats were used for each time 
interval in all the absorption experiments. 


Measurement of Absolute Viscosity-The kinematic viscosity of 
each oily solvent was determined with a viscometer" and converted into 
the absolute viscosity using its density, which was measured with a cali- 
brated flaskI2. These determinations were done a t  37". 


Determination of the Distribution Coefficient-The distribution 
coefficient ( K )  of a model compound between an oily solvent and 0.9% 
(w/v) NaCl in water (saline) was determined by equilibrating an oily 
solution with saline and computing K from the equilibrium saline con- 
centration and the initial concentration in the oil phase (1). 


Analytical Method-In the absorption experiments extracts con- 
taining the azo dyes were adequately diluted with ethyl acetate and an- 
alyzed colorimetrically (1). Extracted testosterone was assayed by a gas 
chromatographic method (1). Three-milliliter samples were shaken with 
0.6 g of AlzOs-silica gel (1:l) to remove interfering substances. The 
mixture was centrifuged for 5 min a t  3000 rpm and 1 ml of the superna- 
tant liquid was mixed with 0.1 ml of the internal standard (3P-acetoxy- 
5a-androstan) in ethyl acetate. Two microliters of these solutions was 
injected using the same instrument settings reported previously (1). For 
determination of the distribution coefficients, test compounds in saline 
equilibrated with oily solutions of known initial concentration were as- 
sayed by direct spectrophotometric methods (1). 


RESULTS 


Time Course of Drug Absorption and  Effect of Initial Drug  
Concentration-It was reported (5) that benzyl alcohol, which is rela- 


8 Thrive SNB-25, Daito Electric Mfg. Co., Japan. 


lo Aron Alpha, Toa Gousei Kagaku Co., Ltd., Japan. 


lZ Cassia, Shibota Kagaku Kikai Kogyo Co., Japan. 


Terumo Co., Ltd., Japan. 


Ubbelohde, Kaburagi Kagaku Kikai Kogyo Co., Japan. 
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Figure 3-Effect of injection volume ma) on the subcutaneous ab- 
sorption of p-hydroxyazobenzene in sesame oil (20 mglml). Each data 
point represents the mean of at least three experiments and the uertical 
bar indicates the standard deuiation. 


tively hydrophobic, was absorbed from an aqueous medium in the rat 
subcutaneous region according to first-order kinetics. However, the ki- 
netic process for subcutaneous absorption of practically water-insoluble 
drugs from oily solutions has not been explored. 


The time course of subcutaneous absorption in a typical experiment 
is illustrated in Fig. 1, which shows the profile for p-hydroxyazobenzene 
absorbed from a sesame oil solution. The initial drug concentration (Co) 
and the injection volume (VO)  are given in the legend. The fraction 
(percent) of p-hydroxyazobenzene remaining a t  the injection site was 
plotted against time on arithmetic and logarithmic scales. The linear 
relationship shown in Fig. 1B indicates this compound is absorbed ac- 
cording to first-order kinetics. To verify this, the effect of the initial drug 
concentration (CO) on the absorption rate was examined. Figure 2 shows 
the absorption time courses of p-hydroxyazobenzene from solutions 
initially of I, 5, and 20 mg/ml on a semilogarithmic scale. All three profiles 
are approximately linear with the same slope. Similar results were ob- 
tained with other compounds such as p-aminoazobenzene and o-ami- 
noazotoluene. These findings suggest that subcutaneous absorption of 
practically water-insoluble and unionized drugs from oily solutions be- 
haves as a first-order process. 


Effect of Injection Volume-It has been noted that the injection 
volume of aqueous (7,8) or oily (9) solutions might be an important factor 
influencing intramuscular absorption rates of drugs. A previous report 
(1) revealed the quantitative relationship between the absorption rate 
constant and the injection volume for intramuscular administration of 
practically water-insoluble drugs administered as oily solutions. However, 
for subcutaneous administration, the effect of the injection volume has 
not always been clear (10, 11). 


Figure 3 compares the absorption time courses of p-hydroxyazoben- 
zene injected in different volumes on a semilogarithmic scale. Each ab- 
sorption profile is linear and the slopes decrease with increased injection 
volume. Figure 4 demonstrates the relation between the observed first- 
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Figure 4-Relationship between the first-order absorption rate con- 
stant (k) and injection uolume Na). The oalues of k were estimated from 
the data shown in Fig. 3 by the least-squares method and are plotted 
together with their standard errors. 
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Table I-Values of Absolute Viscosity of Oil ( q ) ,  Distribution Coefficient ( K ) ,  and  First-Order Absorption Rate  Constant (k) 


Oil 
p-Hydroxyazobenzene p- Aminoazobenzene 0- Aminoazotoluene 


dcps )  K" k ,  hr-l K" k , hr-I b K" k ,  hr-' 


Simethicone 16.0 17 3.00 (0.41) 29 1.32 (0.17) 310 0.43 (0.04) 


Isopropyl myristate-simethicone (2:8, v/v) 10.7 160 0.98 (0.08) 170 0.70 (0.06) 1700 0.21 (0.02) 
Isopropyl myristate-simethicone (4:6, v/v) 7.6 510 0.30 (0.01) 550 0.34 (0.03) 5400 0.13 (0.02) 
Sesame oil 35 1300 0.21 (0.01) 1200 0.12 (0.009) 13400 0.034 (0.004) 
Isopropyl myristate 3.6 2900 0.13 (0.01) 1700 0.11 (0.008) 20000 0.023 (0.001) 
Medium chain triglycerides 15 3500 0.084 (0.007) 2900 0.061 (0.003) 27000 0.017 (0.002) 
Diethyl sebacate 3.9 15000 0.029 i(0.003) 9900 0.030 (0.003) 75000 0.011 (0.001) 


method and given with the standard error ( S E )  in parentheses. 


- - - Isopropyl myristate-simethicone (1:9, v/v) 13.2 54 1.66 (0.12) - 


(1 Distribution coefficient; the ratio of the drug concentration in oil to that in 0.9% NaCl aqueous solution (saline) a t  equilibrium (37'). Estimated by the least-squares 


order absorption rate constant ( k )  and injection volume (Vo). It was ev- 
ident from this figure that k was inversely proportional to the cube root 
of vo. 


Comparison of Absorption Rates between Dorsal and Abdominal 
Subcutaneous Injections-A significant difference in the absorption 
half-life of 1311-labeled insulin injected subcutaneously into the human 
arm and thigh was noted (12). Given this difference, and considering the 
fact that subcutaneous drug injections to animals are not always limited 
to the dorsal site, the abdomen was selected as a second subcutaneous 
injection site to draw site-to-site comparisons. Drug absorption time 
courses from this site with different injection volumes were evaluated, 
and again first-order absorption rate constants were obtained from 
semilogarithmic plots. The values are compared in Fig. 5 with those ob- 
tained for the dorsal injections. The relationship between the rate con- 
stant of absorption and the volume of material injected found by dorsal 
subcutaneous injection also held for the subcutaneous abdominal injec- 
tions. Remarkably, differences in the absorption rate constants between 
these two injection sites were negligible. These findings showed that, a t  
least with these substances and under these experimental conditions, 
absorption behaviors of the two sites are virtually identical. 


Comparison of Absorption Rates from Various Oily Solvents-Up 
to this point, sesame oil was used as the oily solvent since it is commonly 
used as a parenteral solvent. T o  clarify possible influences of the oily 
medium on absorption kinetics, the absorption time courses from dif- 
ferent oily vehicles were evaluated. Figure 6 shows absorption time 
profiles of p-hydroxyazobenzene from six oily vehicles, diethyl sebacate, 
medium chain tr iglyceride~~, isopropyl myristate, sesame oil, and two 
isopropyl myristate-simethicone systems (4060 and 20:80, v/v), all ad- 
ministered a t  the same volume. The semilogarithmic plots are linear but 
each has a different slope. Similar results were obtained for p-aminoa- 
zobenzene and o-aminoazotoluene. The first-order absorption rate 
constants obtained from these experiments are summarized in Table I 
along with the viscosities (7) of the oil solvents and the distribution 
coefficients ( K ,  oily vehicle/saline). Clearly, the distribution coefficient 
is the predominant factor controlling the absorption rates from these oily 
vehicles. 


, 


v01'3* ml-1'3 
Figure 5-Comparison of the subcutaneous absorption rate constants 
(k) of p-hydroxyazobenzene in sesame oil a t  various injection volumes 
(Vo) between injection sites on the dorsum and abdomen of rot (CO, 5 
mglml). The k values were estimated by the least-squares method and 
plotted together with their standard errors. Key: (-O--) abdomen; 
( -  - -) dorsum (same as shown i n  Fig. 4) .  


DISCUSSION 


Shape of Depot and Drug Absorption Kinetics-It is observed that 
when a given volume of water-immiscible oil is injected subcutaneously, 
the major part of it is confined to the injection site by the connective 
tissues and possibly other surrounding tissues. Also the depot formed 
in such a manner tends to take the shape of a flattened oblate or prolate 
spheroid. These observations are similar to those described previously 
(13), where w/o emulsions containing radioactive substances were used 
to  define the local distribution. The shape of the oily depot, which de- 
termines the surface area of the oily phase exposed to the body fluids, 
is thought to be a critical factor affecting drug absorption. The geometry 
of the oily depot may depend on the injection volume, the fluidity of the 
oily solution, hydrodynamic factors such as the injection speed, the 
available space at  the injection site, and/or body movements. The deposit 
configuration is undoubtedly time-dependent. Visual observation con- 
firmed geometrical change of the depots caused by spreading. These were 
initially abrupt but became very slight after a short time. Water-im- 
miscible oils such as sesame oil apparently disappear much more slowly 
from the subcutaneous site than do the drug components they contain 
(14). A previous study (1) showed that sesame oil was also very slowly 
absorbed from the m. gastrocnemius of the rat during the first several 
hours after injection. Therefore, it seems reasonable to regard the surface 
area of the oily depot as a constant during the absorption process except 
for a short period immediately after injection. The state of the oily depots 
and the first-order absorption characteristic of the rate process strongly 
suggest that the absorption behavior of drugs in oily solutions deposited 
subcutaneously is very similar to that of the intramuscular route (1). 
Therefore, the kinetic treatment previously proposed for intramuscular 
absorption (1) seems equally applicable to the subcutaneous situation. 


The kinetics of absorption from an intramuscular, oil deposit were 
developed for a physical model in which mass transfer was strictly con- 
trolled by diffusion through the interface of the depot with the tissue. 


HOURS 
0 5 10 15 20 28 


2o t 
Figure 6-Time courses of the subcutaneous absorption of p-hydrox- 
yazobenzene from various oily vehicles (CO, 0.5-5 mglml; VO, 0.5 ml). 
Each data point represents the mean of a t  least three experiments and 
the vertical bar indicates the standard deviation. Key: (0) diethyl 
sebacate; (0) medium chain triglycerides; (A) isopropyl myristate; (A) 
sesame oil; ( 0 )  isopropyl myristate-simethicone (40:60. u/v); (+) iso- 
propyl myristate-simethicone (20:80, u/u ) ,  
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Figure 7-Comparison of the subcutaneous absorption of p-amino- 
azobenzene among various injection methods at  a constant dose. The 
dotted line shows the value for Exps. 2 and 3predicted from the results 
of Exp. 1. Each data point shou~s the mean of a t  least four experiments. 
Key: Exp. 1 ,  4 mglml-0.5 ml; Exp. 2, 20 mglml-0.1 ml; Exp. 3, 4 mgl 
ml-0.1 ml, 5 injections a t  different points; Exp. 4 , 4  mglml-0.5 ml (olw 
emulsion). 


The interface was seen as a series barrier, possibly with significant dif- 
fusional resistances on each side of the interface, i.e., in the boundary 
layer in the depot and in the tissue immediately in contact with the depot. 
Mass transfer coefficients (permeability coefficients) k ,  and k ,  describe 
the diffusive velocities in the depot's boundary and the tissue, respec- 
tively. It is implicit that the depot acts as a well-stirred phase everywhere 
except at  its interface. It was also assumed in developing the model that: 
(a) over the full course of drug release the depot's interfaces and surface 
area remain essentially constant; (b)  the distribution coefficient of a drug 
between the depot and the tissue fluids strictly governs the relative 
concentrations on each side of the interface; ( c )  the depot acts as a res- 
ervoir for the drug; (d) the body of the animal acts as a diffusional sink; 
and (e) there is no assimilation of the oily vehicle by the body over the 
course of drug release. With these assumptions the release process be- 
comes a first-order depletion of a reservoir into a sink by means of dif- 
fusion across an oil-water boundary. The following equations were de- 
rived for the quasi-steady-state (period after establishment of the gra- 
dient across the boundary): 


In (W/Wo) = -kt  0%. 1) 


and 


(Eq. 2) 


where Wo and W represent the dose and the remaining amount of the 
drug a t  any time t ,  respectively; Vo and A are the injection volume and 
the surface area of the oily depot, respectively; k ,  and k ,  are the diffusive 
velocities of the drug in the oily and aqueous tissue boundaries, respec- 
tively; K; is the distribution coefficient a t  the interface; and k is the 
first-order absorption rate constant (1). Equation 1 describes the expected 
first-order behavior, while Eq. 2 characterizes the rate constant for the 
series barrier situation. 


Comparison of Absorption Rates among Various Injection 
Methods-Equation 2 contains the ratio, A/Vo, which describes the 
geometrical aspects of the absorption process. The dependency of 
drug-release rate on the injected volume centers around the interde- 
pendency of area and volume. When the shape of the injected mass is 
spherical or near spherical, the area-volume ratio is simply 3/r or three 
times the reciprocal radius of the equivalent sphere. This is directly 
proportional to the reciprocal cube root of the volume13. Therefore, for 
an injection acting as a near spherical (or spheroidal) mass, it is expected 
that the absorption rate constant of an incorporated drug will be pro- 
portional to the V0-Il3, a dependency on volume which was closely fol- 
lowed in the subcutaneous administrations as evidenced in Figs. 4 and 
5. 


l3 When the injected mass takes the shape of a spheroid or a near spheroid and 
retains the same shape (dimensions) for alterations in injection volume, the same 
cube root volume dependency can also be derived mathematically as follows: 


10 1 oz 1 0 3  1 0 4  1 0 5  
K 


Figure 8-Plots of k versus K on log-log scale for three model com- 
pounds. Key: (--O-) p-hydroxyazobentene; (...........) p-aminoa- 
zobenzene; (-.-A -.-) o-aminoazotohene; (sc) data for subcutaneous 
injection a t  C O  = 0 5-5 mglml and VO = 0.5 ml; (im) data for intra- 
muscular inlection m. gastrocnemius) a t  co = 5 mg/ml and VO = 0.05 
ml reported previously (I). 


The preceding discussion indicates that the absorption rate constant 
is dependent on injection volume and not on the initial drug concentra- 
tion. This means that the absorption rate can be manipulated by the 
injection method even if the drug, solvent, and dose are fixed. This was 
demonstrated experimentally using p-aminoazobenzene in sesame oil 
solution. Figure 7 shows the percentage of this drug absorbed 3 hr after 
injection of a fixed dose, 2 mg/rat, by four differing injection protocols. 
In Exp. 1 a single, 0.5-ml injection of solution containing 4 mg/ml was 
given; in Exp. 2 a single, 0.1-ml injection of solution containing 20 mg/ml 
was given; in Exp. 3 five injections were given a t  different sites, each with 
0.1 ml of solution containing 4 mg/ml; and in Exp. 4 a single, 0.5-1111 in- 
jection of an o/w emulsion [equal volumes of sesame oil containing 8 
mg/ml of p-aminoazobenzene and saline containing 2% (w/v) polysorbate 
80; emulsion particle diameter, 2-10 pm] was given. The theory was tested 
as follows. The first-order absorption rate constant ( k l )  was determined 
in Exp. 1. Using this k ,  value, the value of the percentage absorbed for 
Exp. 2 can be estimated by the following equation derived from Eq. 1 and 
the cube root volume dependency: 


Percent absorbed = l O O ( 1  - ~ X ~ [ - ~ I ( V I / V ~ ) ' / ~ ~ J J  (Eq. 3) 


The dotted line in Fig. 7 shows the value estimated by substitution of the 
calculated value, 0.12 (hr-l), for k l ,  of 5 for Vl/Vz (the actual injection 
volume ratio), and of 3 (hr) for t in Eq. 3. In Exp. 3 the absorption a t  each 
injection site will proceed independently and to the same extent; thus, 
the dotted line also shows the estimate for the third case as the injection 
volume a t  each injection point is equal to that in Exp. 2. The value cal- 
culated from the results of Exp. l agrees well with the observed values 
of Exps. 2 and 3. Accordingly, it is concluded that the reciprocal cube root 
volume dependency expressed in Eq. 3 will be generally applicable. These 
findings imply that faster absorption occurs when the injection volume 
per one site is minimized either by increasing the number of injections 
or by using more concentrated solutions. 


Addition of surface-active agents and emulsifiers to injected oily so- 
lutions of drugs has been reported to enhance the absorption of the oily 
vehicle (9) or practically water-insoluble drugs contained therein (15). 
Recently, emulsion systems have been promoted as novel drug delivery 
systems for some anticancer agents (16). Figure 7 shows that the ab- 
sorption of p-aminoazobenzene from the emulsion system (Exp. 4) would 
be slower than that from oily solution (Exp. I). However, so many new 
variables are introduced when the administration system is changed to 
an emulsion that it is impossible to even qualitatively interpret this re- 
sult. 


Correlation among the Absorption Rate  Constant, Viscosity, and 
the Distribution Coefficient-It was shown previously (17) that  a 
certain correlation exists between the viscosity of vaccines (aluminum 
monostearate paraffin gels) injected subcutaneously into rabbits and 
guinea pigs and the degree of enhancement and prolongation of the an- 
titoxin levels. However, as is evident from Table I, no distinguishable 
relationship was observed between the viscosity (9)  of the vehicle and 
the absorption rate constant ( k )  under our experimental conditions ( q ,  
3.6-35 cps). This difference is not surprising when it is realized that the 
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Table 11-Predicted and  Observed Subcutaneous Absorption 
Rate Constants (k) a 


k ,  hr-I 
Test Pre- Observed 


Compound M.W.b K' dictedd W E )  
~~ 


Testosterone 288 1.30 X lo2 0.79 0.64 (0.09) 
1-Phenylazo-2- 247 3.82 X lo5 0.0035 0.0053 (0.0003) 


naphthyl- 
amine 


0 Sesame oil solution; Co, 2.5 mg/ml for testosterone and 5 mg/ml for l-phen- 
ylazo-2-naphthylamine; V , 0 5 ml. * Molecular weight. Distribution coefficient 
(sesame oil/sdine) at 37'. aC&ulated using the regression equation obtained from 
all sc data in Fig. 8: log k = -0.68 log K + 1.33 


gelled systems of Coles et al. (17) could hardly act as well-stirred phases. 
Moreover, smaller mass transfer coefficients (k , )  due to the increased 
viscosity are expected to elevate the role in rate control played by the 
vehicle's boundary layer. 


If the term (k,/k,)Ki in Eq. 2 is ((1, Eq. 2 is approximated by: 


k = Ak,/Vo (Eq. 4) 


This equation signifies that  diffusion in the oily phase is the rate limiting 
process in drug absorption as appears to be the case for the gels of Coles 
et al. (17). However, this relationship does not appear representative of 
the behavior of the present systems as k ,  according to Eq. 4, depends upon 
k,, which in turn depends on viscosity of the oily vehicle, hut not on Ki. 
On the other hand, when the term (k,/k,)Ki is >>1, which seems very 
likely due to the large distribution coefficients ( K i )  of the drugs between 
the phases considered here, Eq. 2 is approximated by: 


k = Ak, / (VoKi)  (Eq. 5) 


This equation signifies that  k is independent of k,; that  is, independent 
of the viscosity of the oily vehicle and dependent on K;. Given the par- 
titioning dependency of the process (Table I), the present results seem 
to favor the relationship as written in Eq. 5 on two counts. Partitioning 
and diffusion across a tissue boundary also appear to control rates of 
intramuscular absorption (1). 


Taking the logarithm of both sides of Eq. 5 gives: 


log k = log (Ak,lVo) - log K ;  (Eq. 6) 


The term log (Ak,/Vo) in this equation is governed by the injection vol- 
ume and the permeability of the drug in the connective tissues adjacent 
to the oily depot. According to Eq. 6, a plot of log k uersus log Ki should 
give a single straight line with a slope of -1 for compounds having a 
similar tissue permeability as long as the injection volume is maintained 
constant. Figure 8 shows this plot for the three compounds presented in 
Table I, all of which have similar molecular weights. In this plot the in 
uitro bulk distribution coefficient ( K ,  oily solvent/saline) is used instead 
of the in viuo distribution coefficient ( K , )  which is not measurable. The 
plot indicates linear relationships over a wide range of K values for all 
three compounds. The regression equations (x = log K ,  y = log k )  and 
their correlation coefficient ( r )  for the individual compounds are as fol- 
lows: for p-hydroxyazobenzene, y = -0.686x + 1.398 ( r  = -0.994); for 
p-aminoazobenzene, y = -0.689~ + 1.256 ( r  = -0.982); for o-amino- 
azotoluene, y = -0.7331. + 1.594 ( r  = -0.974). From these separate re- 
sults, the following experimental equation relating the rate constant to 
the in uitro distribution coefficient is evident: 


log k = log (Ak,/Vo) - 6 log K (Eq. 7) 
The resultant values for 6 are of the order of -0.7, whereas perfect in 


uiuo-in uitro distributioning correlation would yield a value of -1.0. This 
slight deviation might be attributable to fundamental, systematic dif- 
ferences in partitioning sensitivities between the in uiuo and in uitro 
systems, to a not totally negligible diffusional resistance in the vehicle's 
boundary layer, which itself precludes exact adherence to Eq. 5, or to the 
coexistence of another absorption mechanism not accounted for in Eq. 
2, i.e., absorption of the drug as the result of assimilation of the injected 
medium by the body. In any case, the experimental equation can he put 
in the following, general phenomenological form: 


k = y / V o m K b  (Eq. 8)  


where y is a coefficient lumping together all intangible experimental 
parameters. This relationship seems to have practical value for the es- 
timation of absorption rates of diverse drugs from diverse oily vehi- 
cles. 


-- -- 
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Figure 9-Comparison of the absorption rate constants (k) a t  uarious 
injection uolumes (Va) between subcutaneous (dorsum) and intra- 
muscular (m. gastrocnemius) injections in intact rats. The straight lines 
for subcutaneous injection of p-aminoazobenzene and o-aminoazoto- 
luene, and those for intramuscular injection of p-hydroxyazobenzene 
and o-aminoazotoluene are depicted to pass through one data point 
with a slope of -0.33 and -0.14, respectiuely. The subcutaneous data 
are shown elsewhere in this paper and those for intramuscular injection 
are quoted from a preuious work ( I ) .  Key: (- -) (sc), (- - - 0 - - -) 
(im), p-hydroxyazobenzene; (- A-) (sc), (- - - A - - -) (im), p-ami- 
noazobenzene; (- 0 -) (sc), (- - - 0 - - -) (im), o-aminoazotoluene. 


Figure 8 also show's with a broken line the corresponding regression 
line for the intramuscular absorptions of the same three compounds (1). 
The parallelism of the regression lines suggests a strong similarity in 
distributioning behavior at the injection's interface between the subcu- 
taneous and intramuscular routes. 


Prediction of Absorption Rates  of Other  Drugs-Figure 8 shows 
the regression lines of three separate compounds to be essentially in- 
separable when the injection volume was fixed. Their composite regres- 
sion equation is: log k =I -0.68 log K + 1.33 ( r  = -0.98). I t  was anticipated 
through this colinearity that this relationship might provide a means of 
estimating absorption rate constants ( k )  of other drugs simply from the 
K values determined in the in uitro saline system. T o  examine this pos- 
sibility, testosterone and l-phenylazo-2-naphthylamine, compounds with 
molecular weights similar to the three compounds presented in Fig. 8, 
were selected as additional test substances. Absorption rate constants 
predicted from their respective K values and the above regression 
equation were compared with experimental values. The results appear 
in Table 11. For these compounds, the predicted values agree well with 
the observed values. This satisfactory result suggests the absorption 
behaviors of other drugs may be similarly predicted. 


Comparison of Absorption Rates  between Subcutaneous a n d  
Intramuscular  Routes in Rats-It was found (12) that no significant 
difference in the absorption rates of 1311-labeled insulin14 (insulin sus- 
pensions) from subcutaneous and intramuscular tissues exists a t  either 
the thigh or arm region in humans. No such comparison between sites 
exists for a drug presented in oily solution. In the present and a previous 
(I)  report, the quantitative relationships between the absorption rate 
constant ( k )  and the injection volume (Vo) for subcutaneous and intra- 
muscular routes has been elucidated in rats. By both routes the value of 
k was proportional to Vom. However, the experimental m values for 
subcutaneous (dorsum) and intramuscular (m. gastrocnemius) injections 
in intact rats are apparently different and are -0.33 and -0.14, respec- 
tively. 


In Fig. 9, k values in intact rats obtained by the subcutaneous route 
(dorsum) for the three test compounds a t  various injection volumes ( Vo) 
are compared with those by the intramuscular route (1). Although the 
data points available for direct comparison are few in this figure, it ap- 
pears that the values by the two routes may be quantitatively compatible. 
If this is true, then a change in volume dependency ( m )  is apparent as 
the injected volume goes from the very small volumes given intramus- 
cularly to the relatively large subcutaneous volumes. 
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Abstract The absorption characteristics and kinetics of practically 
water-insoluble drugs following subcutaneous injection of their aqueous 
suspensions were investigated in intact rats by the local clearance method 
and compared with those following intramuscular injection reported 
previously. The plot of the cube root of the residual fraction of the drug 
in the injection site uersus time gave a good linear relationship under 
various experimental conditions. The absorption rate constant (i) in- 
creased with decreasing particle size. This increase was remarkable in 
the region of mean particle diameter <2-3 pm, while i t  was gradual or 
slight in the region above this. This phenomenon was explained by the 
fact that the in uiuo spreading of particles of more than -3 pm was still 
m,ore limited by the network of the fibrous tissues. Between j and the 
initial drug concentration (Co)  or injection volume (Vo), the practically 
important relationship a C# Voh ( g  = -0.66 and h = -0.32) could 
approximately he derived from the experimental results. Comparison 
of j values among various compounds with different solubility (C,) in 
saline hut with similar colloidal properties (particle size distribution and 
sedimentation volume) showed that a log; uersus log Cl plot gave a nearly 
straight line with a slope of -0.5. All the results observed for the subcu- 
taneous absorption were similar to those for intramuscular absorption 
and could reasonably be explained by the kinetic model proposed for 
intramuscular absorption. 


Keyphrases Absorption, subcutaneous-from aqueous suspensions 
of practically water-insoluble drugs, rats 0 Water-insoluble drugs- 
subcutaneous absorption from aqueous suspensions, rats 0 Aqueous 
suspensions-subcutaneous absorption of practically water-insoluble 
drugs, rats 


Although subcutaneous administration of aqueous 
suspensions is very popular for practically water-insoluble 
drugs in preclinical animal experiments, little has been 
studied on their absorption mechanisms and kinetics ex- 
cept for the particle-size effect on pharmacological re- 
sponses (1). Previously investigated (2, 3) were the ab- 
sorption behaviors of subcutaneously implanted solid 
drugs (sphere, disk, and cylindrical shapes) and the ab- 
sorption kinetic process was clarified. The intramuscular 
absorption characteristics of practically water-insoluble 
drugs from aqueous suspension were investigated in detail, 


and a kinetic equation was proposed for the drug absorp- 
tion, which was obtained empirically and was very useful 
(4). 


In the present work, similar investigations for the sub- 
cutaneous route were done with the local clearance method 
in intact rats. The purpose of the present study was to 
clarify the relationship between the absorption rate and 
physicochemical properties (particle size, initial drug 
concentration, injection volume, drug solubility, etc. ), to 
express this relationship in appropriate mathematical 
terms, and to compare the results with those for the in- 
tramuscular route reported previously (4). 


The findings obtained in this study will offer a novel and 
useful guide for more detailed screening and preclinical 
testing in laboratory animals of new drugs under devel- 
opment. 


EXPERIMENTAL 


Materials-Azo dyes (p-aminoazobenzene, p-hydroxyazobenzene, 
o-aminoazotoluene, and l-phenylazo-2-naphthylamine), sulfa drugs 
(Nl-acetylsulfamethoxazole and sulfamethoxazole), and a steroid (be- 
tamethasone dipropionate') were used as models for practically water- 
insoluble drugs. These azo dyes and sulfa drugs were the same as those 
used in a previous study (4). Betamethasone dipropionate was of me- 
dicinal grade and its purity was ascertained to be satisfactory through 
elementary analysis, melting point measurement, and TLC. Methylcel- 
lulose2 and polysorbate SO3, used as dispersing agents for preparations, 
were the same as those reported previously (4). All other chemicals were 
of analytical or reagent grade. 


T o  compare the spreading area of injected particles, the following 
standard particles of different sizes were also used: two polystyrene la- 
texes (0.721 and 1.305 pm in mean diameter based on number size dis- 
tribution)4, polyvinyltoluene latex (2.956 p ~ m ) ~ ,  spores (4.94 pm)s, di- 


Schering Corp., Bloomfield, N.d. 
Metolose SM-15, Shinetsu Kagaku Kogyo Co.. Ltd.,'I'okyo. 
Kao Atlas Co., Ltd., Tokyo. 
'l'he Dow Chemical ('I) . ,  Indianapolis. lnd 


6 Coulter Electronirs, I . td . .  Dunstahlc. 
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that have been applied to the analysis of the drug are presented. However, 
quantitation by gas chromatography-mass spectrometry-single-ion 
monitoring, which is far more reliable and sensitive than most other 
methods, is emphasized. A detailed description of gas chroma1,o- 
graphic-mass spectrometric methodology is provided. In addition, each 
chapter has its own reference section, which provides ample documen- 
tation. 


This monograph enables the investigator to choose the best analytical 
method for a particular drug based on the materials and equipment 
available. In addition, the design of basic experimental protocols should 
be greatly facilitated with the information contained within this volume. 
Although this book is intended for those in the field of drug abuse, i t  
should be helpful to anyone interested in undertaking an analysis of any 
drug by gas chromatography-mass spectrometry. 


Reviewed by Billy R. Martin 
Department of Pharmacology 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 


Pharmacological and Biochemical Properties of Drug Substances, 
Vol. 3. Edited by MORTON E. GOLDBERG. American Pharmaceu- 
tical Association, 2215 Constitution Ave., N.W., Washington, D.C., 
20037. 1981. 495 pp. 16 X 24 cm. Price $39.00 (Vols. 1-3, $90.00). 
The third volume of this series presents 16 new monographs on a VB- 


riety of therapeutic agents and topics, bringing the total number of 
monographs in this series to 52. Most of these reviews (in this volume as 
well as in the previous two) are concerned with specific drugs and are 
extensively referenced. 


Although Dr. Goldberg’s own research has emphasized central nervous 
system pharmacology, the book covers a wide variety of therapeutic 
classes such as cardiovascular agents, chemotherapeutic agents, and 
pulmonary/antiallergy agents, to name a few. The members of the edi- 
torial board also are cited for various areas of expertise. 


Volume 3 contains three monographs covering topical steroid therapy, 
eicosanoids and pulmonary function, and one entitled, “Assessing Drug 
Concentration/Effect Correlations: Implications for Research and 
Therapy.” 


The author encourages readers to write to him or one of the editors if 
it is felt that a drug or topic deserves consideration for future vol- 
umes. 
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Abstract 0 The interaction of theobromine with sodium benzoate was 
investigated by PMR spectroscopy. The interaction of theobromine with 
pentadeuterated benzoic acid (benzoic acid-ds) was examined in the same 
manner but to a lesser degree. Chemical shifts of theobromine protons 
were determined as a function of sodium benzoate concentration in 
deuterium oxide at  30 and 15'. Signals of both methyl groups of theo- 
bromine underwent significant upfield shifts when sodium benzoate was 
added to a theobromine solution. This fact suggests that a complex is 
formed by vertical stacking or plane-to-plane stacking. The same results 
were obtained for benzoic acid-ds. 


Keyphrases 0 Theobromine-interaction with sodium benzoate 0 
Sodium benzoate-interaction with theobromine 0 Diuretics-theo- 
bromine, interaction with sodium benzoate 


Xanthine derivatives such as theophylline and caffeine 
form a 1:l complex with sodium benzoate in aqueous so- 
lution. The physicochemical properties relating to this 
complex formation were studied by various methods in- 
cluding calorimetry (11, a solubility method (21, and by 
PMR spectroscopy ('H-NMR) (3,4). In the present study, 
the interaction of theobromine(I), a xanthine derivative, 
with either sodium benzoate(I1) or pentadeuterated ben- 
zoic acid (benzoic acid-ds)(III) was studied by lH-NMR 
in deuterium oxide. 


EXPERIMENTAL 


Materials-Reagent grade theobromine' and sodium benzoate JP 
were used without further purification. Benzoic acid-d5 (>99.0% pure) 
and deuterium oxide (99.8%) were used as received2. 


Methods-To examine whether self-association of theobromine takes 
place, 1.9 X 10-4-2.6 X M theobromine was prepared. The con- 
centration of theobromine was maintained constant while that of benzoic 


0.001 0.002 
THEOBROMINE, M 


Figure 1-Concentration dependence of theobromine proton chemical 
shifts. Key: 0,8-H; 0,  7-CH3; and 0,3-CH3. 


* Tokyo Kasei Kogyo Co., Ltd. * Merck, West Germany. 


I 
D 


I II III 


acid-db was varied from 1.0 X loT3 to 3.0 X M and that of sodium 
benzoate varied from zero to 1 M. 'H-NMR spectra were recorded3 in 
duplicate at  probe temperatures of 30 f 0.5" or 15 f 0.5". External tet- 
ramethylsilane was used as the reference and as the source of a lock 
signal4. 


Bulk susceptibility corrections were tried, but it was found that they 
were not necessary. In the theobromine-sodium benzoate system, the 
corrections were too small in comparison with the large induced chemical 
shift changes due to complexation (4) and in the theobromine-benzoic 
acid-d5 system and the study of theobromine self-asasociation, the vol- 
ume magnetic susceptibilities of the samples were equal to deuterium 
oxide for the low concentrations of theobromine and benzoic acid-db. 
Chemical shifts were reproducible to better than 0.5 Hz. 


RESULTS AND DISCUSSION 


The 'H-NMR spectrum of the 1.5 X M deuterium oxide solution 
of theobromine has three signals of relative intensities 1:33, at  8.36.4.40, 
and 3.94 ppm (from external tetramethylsilane), coiresponding to the 
proton a t  C-8 and to the 7- and 3-methyl protons, respectively, at  30°. 
The self-associations of theophylline (5) and caffeine (6) in aqueous so- 
lution is known, but theobromine self-association has not been re- 
ported. 


Initially, 'H-NMR spectra of theobromine in deuterium oxide were 
recorded at  30'. The results (Fig. l ) ,  show that none of the theobromine 
proton chemical shifts changed regardless of the theobromine concen- 
tration and, therefore, no theobromine self-association appears to occur 


BENZOIC ACID-d,, M 


Figure 2-Induced chemical shift changes for theobromine protons as 
a function of benzoic acid-ds. Key: 0,3-CH3; 0,  7-CH3; and 0 , a - H .  


3 Nichiden-Varian type NV-21 spectrometer, 90 MHz, FT mode. 
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Figure 3-Induced chemical shift changes for theobromine protons as 
Q function of sodium benzoate concentration. Key: -, 30';. . ., 15'; 0, 
3-CH3; and 0 , 7 - C H 3 .  


within the concentration range examined. Because of poor theobromine 
solubility in water, it is thought that theobromine molecules exist mostly 
in a monomer state. 


'H-NMR spectra of the solution containing both theobromine in a fixed 
concentration of 1.5 X M benzoic acid-ds a t  various concentrations 
were recorded a t  30". Signals for the proton a t  C-8, and the 7- and 3- 
methyl protons of theobromine, shifted upfield with an increase in the 
benzoic acid-d5 concentration. The extent of the upfield shift of the 3- 
methyl protons was larger than that of the 7-methyl protons and that of 
the 7-methyl protons was larger than that of the proton a t  C-8 (Fig. 
2). 


The upfield shifts of the 3- and 7-methyl signal, and the proton signal 
a t  C-8 in the presence of benzoic acid-ds suggest that  theobromine and 
benzoic acid form a complex in which the 3- and 7-methyl groups, and 
the C-8 proton in the theobromine molecule are located over the benzene 
ring of benzoic acid. The relative small upfield shift of the C-8 proton 
signal may be caused by compensation with a downfield shift, resulting 
from the addition of a proton arising from benzoic acid-& to nitrogen 
a t  the 9 position of theobromine. However, the addition of a proton seems 
to occur very sparingly because benzoic acid is weakly acidic with a pKa 
of 4.19 (7) a t  25". The pKa assigned to nitrogen a t  the 9-position of 
theobromine is 0.45 (8) a t  18'. 


M 
theobromine was measured at  18' in the presence of 2.0 X M benzoic 
acid. Using this value (pH 3.05), theobromine and protonated theo- 
bromine were in a molar ratio of 5001 and the theory was proven valid. 
Consequently, the 3-methyl protons are nearer the axis of the benzene 
ring than the 7-methyl protons, which in turn are nearer the axis than 
the C-8 proton. 


M theo- 


To confirm this theory, the pH of an aqueous solution of 1.5 X 


'H-NMR spectra of the solution containing both 1.5 X 


Table I-Apparent Thermodynamic Parameters  for Complex 
Formation of Theobromine with Sodium Benzoate in Deuterium 
Oxide 


Parameter 15' 30' 


K, M-' 2.6, 1.4, 


AS, kcal/mole degree 0.023 0.023 


AG, kcal/mole -0.55 -0.20 
A H ,  kcal/mole -7.1 


Average value calculated from 3-CH3 and 7-CH3 of theobromine. 
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Figure 4-Plots of theobromine 7-CH3 versus Cb-l of sodium benzoate. 
Key: 0,30°;  and 0,15'. 


bromine and sodium benzoate a t  various concentrations were measured 
(Fig. 3). The signals of the 3- and 7-methyl protons shifted upfield with 
an increase in the sodium benzoate concentration, the extent of the up- 
field shift of the 3-methyl protons being slightly larger than that of the 
7-methyl protons. The signal of the proton a t  C-8 could not be measured 
because of the overlap with the signals of benzene protons of sodium 
benzoate. These results suggest that the formation of a complex between 
theoxyline and benzoic acid or sodium benzoate involves vertical stacking 
or plane-to-plane stacking. It was similarly reported (4) that theobromine 
interacts with sodium benzoate to form a complex by vertical stacking 
or plane-to-plane stacking. 


Following an earlier procedure (9), the apparent formation constant 
K was calculated using Eq. 1, assuming a 1:l complex: 


When c b  >> C, 


where: 


K = apparent formation constant 
C, = theobromine concentration 
c b  = sodium benzoate concentration 
6, = chemical shift of theobromine proton in the complex 


6, = chemical shift of theobromine proton in the uncomplex 


Aobs = the difference between the observed chemical shift and 


form 


form 


6a 


The results are shown in Fig. 4 and the apparent formation constant 
is listed in Table I. The results of the interaction of theobromine with 
sodium benzoate at 15 and 30' are shown in Figs. 3 and 4 and Table I. As 
the apparent formation constant K was varied depending on temperature, 
the enthalpy change of complex formation (AH), the free energy change 
( A C ) ,  and the entropy change ( A S )  were calculated (Table I). 


I t  was concluded that the complex formation of theobromine with 
sodium benzoate is an exothermic reaction accompanied by reduction 
of entropy. 
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Abstract Eleven tetrazole analogs of substituted phenylalanines were 
prepared and tested for antitumor activity using P-388 lymphocytic 
leukemia cells in mice. None of the compounds exhibited significant 
activity (T/C %, < 125). 
Keyphrases Antileukemic activity-tetrazole analogs of substituted 
phenylalanines against P-388 lymphocytic leukemia 0 Phenylalanines, 
substituted-tetrazole analogs, preparation and screening for antileu- 
kemic activity Tetrazole-analogs of substituted phenylalanines, 
preparation and screening for antileukemic activity 


The demand for nutrients differs between tumor cells 
and normal cells (1). Since rapidly proliferating cancer cells 
take up nutrients more rapidly, they may be selectively 
“starved” by substituting nonfunctional amino acid de- 
rivatives for the normal substrate. N-Chloroacetyl deriv- 
atives of para -substituted phenylalanines were reported 
(2) to have significant growth inhibitory activity in a mi- 


Table I-Aryl-Substituted Ethyl 2-Acetamido-2-cyano-3-phenylpropanoates 


crobial antitumor prescreen. 
Recent reviews (3, 4) indicated that no reports have 


appeared for testing tetrazole analogs of amino acids for 
antineoplastic activity. Studies of the biological activity 
of 5-substituted tetrazoles have been prompted by a close 
similarity between the acidity of the tetrazole group and 
the carboxylic acid group, and the fact that the tetrazole 
function appears to be metabolically more stable (3). 


The chemically similar tetrazole ring system (5) has been 
used to replace the carboxyl group in several amino acids 
(6-8). These in vitro studies suggested that the tetrazole 
analog may serve as substrate inhibitor of the respective 
amino acid in certain enzymatic reactions. The purpose of 
this study was to determine whether tetrazole analogs of 
certain phenylalanine derivatives would exhibit antileu- 
kemic action in mice. 


Compound R Melting Point Yield, % Formula 
Analysis, 70 


Calc. Found 


C 60.43 
I 2F 


11‘ 2c1 


94-96’ 


145-8’ 


C 49.57 
68.7 C I ~ H I S B ~ N Z O ~  H -4.46 


N 8.26 
c 43.54 


IV 21 174-176” 67.5 Ci4H15INz03 H 3.92 
N 7.25 


I11 2Br 150-152’ 


C 62.06 
V 20CH3 142-144’ 92.8 C I S H I ~ N Z O ~  H 6.25 


N 9.65 
C 62.06 


VI 40CH3 164-167’ 57.1 Ci5Hi8Nz04 H 6.25 
N 9.65 
C 49.57 


VII 4Br 165-168’ 62.7 C14H15BrN~03 H 4.46 
N 8.26 


61.07 
5.51 


10.07 
58.46 
5.61 
9.04 


49.63 
4.51 
8.24 


43.61 
3.96 
7.23 


62.12 
6.31 
9.67 


62.01 
6.29 
9.63 


49.41 
4.52 
8.24 


Isopropyl ester (the analytical sample was inadvertently recrystallized from isopropyl alcohol resulting in transesterification) 
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Abstract The absorption characteristics and kinetics of practically 
water-insoluble drugs following subcutaneous injection of their aqueous 
suspensions were investigated in intact rats by the local clearance method 
and compared with those following intramuscular injection reported 
previously. The plot of the cube root of the residual fraction of the drug 
in the injection site uersus time gave a good linear relationship under 
various experimental conditions. The absorption rate constant (i) in- 
creased with decreasing particle size. This increase was remarkable in 
the region of mean particle diameter <2-3 pm, while i t  was gradual or 
slight in the region above this. This phenomenon was explained by the 
fact that the in uiuo spreading of particles of more than -3 pm was still 
m,ore limited by the network of the fibrous tissues. Between j and the 
initial drug concentration (Co)  or injection volume (Vo), the practically 
important relationship a C# Voh ( g  = -0.66 and h = -0.32) could 
approximately he derived from the experimental results. Comparison 
of j values among various compounds with different solubility (C,) in 
saline hut with similar colloidal properties (particle size distribution and 
sedimentation volume) showed that a log; uersus log Cl plot gave a nearly 
straight line with a slope of -0.5. All the results observed for the subcu- 
taneous absorption were similar to those for intramuscular absorption 
and could reasonably be explained by the kinetic model proposed for 
intramuscular absorption. 


Keyphrases Absorption, subcutaneous-from aqueous suspensions 
of practically water-insoluble drugs, rats 0 Water-insoluble drugs- 
subcutaneous absorption from aqueous suspensions, rats 0 Aqueous 
suspensions-subcutaneous absorption of practically water-insoluble 
drugs, rats 


Although subcutaneous administration of aqueous 
suspensions is very popular for practically water-insoluble 
drugs in preclinical animal experiments, little has been 
studied on their absorption mechanisms and kinetics ex- 
cept for the particle-size effect on pharmacological re- 
sponses (1). Previously investigated (2, 3) were the ab- 
sorption behaviors of subcutaneously implanted solid 
drugs (sphere, disk, and cylindrical shapes) and the ab- 
sorption kinetic process was clarified. The intramuscular 
absorption characteristics of practically water-insoluble 
drugs from aqueous suspension were investigated in detail, 


and a kinetic equation was proposed for the drug absorp- 
tion, which was obtained empirically and was very useful 
(4). 


In the present work, similar investigations for the sub- 
cutaneous route were done with the local clearance method 
in intact rats. The purpose of the present study was to 
clarify the relationship between the absorption rate and 
physicochemical properties (particle size, initial drug 
concentration, injection volume, drug solubility, etc. ), to 
express this relationship in appropriate mathematical 
terms, and to compare the results with those for the in- 
tramuscular route reported previously (4). 


The findings obtained in this study will offer a novel and 
useful guide for more detailed screening and preclinical 
testing in laboratory animals of new drugs under devel- 
opment. 


EXPERIMENTAL 


Materials-Azo dyes (p-aminoazobenzene, p-hydroxyazobenzene, 
o-aminoazotoluene, and l-phenylazo-2-naphthylamine), sulfa drugs 
(Nl-acetylsulfamethoxazole and sulfamethoxazole), and a steroid (be- 
tamethasone dipropionate') were used as models for practically water- 
insoluble drugs. These azo dyes and sulfa drugs were the same as those 
used in a previous study (4). Betamethasone dipropionate was of me- 
dicinal grade and its purity was ascertained to be satisfactory through 
elementary analysis, melting point measurement, and TLC. Methylcel- 
lulose2 and polysorbate SO3, used as dispersing agents for preparations, 
were the same as those reported previously (4). All other chemicals were 
of analytical or reagent grade. 


T o  compare the spreading area of injected particles, the following 
standard particles of different sizes were also used: two polystyrene la- 
texes (0.721 and 1.305 pm in mean diameter based on number size dis- 
tribution)4, polyvinyltoluene latex (2.956 p ~ m ) ~ ,  spores (4.94 pm)s, di- 


Schering Corp., Bloomfield, N.d. 
Metolose SM-15, Shinetsu Kagaku Kogyo Co.. Ltd.,'I'okyo. 
Kao Atlas Co., Ltd., Tokyo. 
'l'he Dow Chemical ('I) . ,  Indianapolis. lnd 


6 Coulter Electronirs, I . td . .  Dunstahlc. 
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Table I-Particle Size (&), Distribution Constant ( D ) ,  and 
Sedimentation Volume ( Vsed) of Aqueous Suspensions of Test 
Compounds Prepared by the Controlled Preparat ion Method 


Table  11-List of Data ( CO, VO, and j fo r  p-Hydroxyazobenzene 
Suspension ") Used for  Estimation of Parameters  g and h, and 
the Values Estimated 


ComDound D,,, uma n V,,,I, cm3h 


Sulfamethoxazole 4.0 2.9 1.7 
N'-Acetylsulfamethoxazole 3.5 2.6 1.7 
p-Aminoazobenzene 4.2 2.7 2.0 
p-Hydroxyazobenzene 3.6-4.1 2.5-2.7 2.8-3.1 
o-Aminoazotoluene 3.9 2.7 2.4 
1-Phenvlazo-2-naphthylamine 4.0 2.5 2.2 


0 Mean particle diameter obtained from Rosin-Rammler plot. This value 
(obtained from Rosin-Rammler plot) shows the degree of narrowness of particle 
size distribution. The larger the value, the narrower the particle size distribu- 
tion. 


vinylbenzene latex (8.99 ~ m ) ~ ,  and ragweed pollen (17.95 ~ m ) ~ .  These 
are nearly spherical and commonly used as size calibrators for particle 
size measurements. 


Preparation of Test Suspensions-Unless otherwise mentioned, the 
vehicle composed of 0.5% (w/v) of methylcellulose, 0.005% of polysorbate 
80, and 0.9% NaCl was used as a dispersion medium for the same reason 
mentioned previously (4). This vehicle was presaturated with the drug 
to be dispersed and filtered through a membrane filter6, then used for 
making the various preparations. To regulate particle size, all test aqueous 
suspensions were prepared by fractionation techniques using natural or 
centrifugal sedimentation. The suspensions formulated according to the 
controlled preparation method in which they were intended to contain 
particles of -4 pm in average diameter, described in the previous report 
(4), were used unless otherwise mentioned. Hereafter, these suspensions 
are referred to as controlled suspensions. Colloidal properties such as 
mean particle diameters (Dss ) ,  distribution constants ( n ) ,  and sedi- 
mentation volumes (VE.) of the test suspensions prepared by this method 
appear in Table I. The suspensions other than the controlled ones were 
prepared by similar methods with appropriate modifications. After ad- 
justment of the drug concentration in a test suspension, it was stored a t  
25' until use. The syringeability for all the suspensions was good in the 
same needle (25G X 2.54 ~ m ) ~  and syringe used in the absorption ex- 
periment. 


Procedure of Absorption Experiment-Male Wistar albino rats 
(250-290 g) were used in all absorption experiments. The subcutaneous 
region near the center of the dorsum of intact rat was selected as a model 
injection site and the same local clearance method described in the pre- 
vious paper (5) was employed for the present investigations. Since almost 
all of the drug remaining in the injection site was undissolved and un- 
changed, the absorption experiment adopted was considered to be ap- 
propriate for understanding the true absorption phenomena from the 
systems of interest. 


Measurement of Physicochemical Properties of Test Compounds 
and Suspensions-For the solub es of model drugs in 0.9% (w/v) NaCl 
(saline) or in pH 7.25 phosphate buffer (0.067 M Na2HP04-KH2P04) 


d with NaC1, previously obtained data (4) were used. The 
es in 2% (w/v) bovine serum albumin8 in pH 7.25 isotonic 


phosphate buffer were determined according to a method similar to that 
described in the previous paper (4). The density ( p )  of the model com- 
pound, and the sedimentation volume ( Vsed) and particle size distribution 
(Ds8  and n )  of each test suspension were also measured by the methods 
described in the previous report (4). 


Analytical Method-Samples from Absorption Experiments-The 
amounts of test compounds other than betamethasone dipropionate 
remaining in the injection site were determined colorimetrically as de- 
scribed previously (4). Betamethasone dipropionate was analyzed by the 
HPLC method under the following conditions: H P I X  apparatusg; UV 
detector (254 nm); columnLn, 25 cm X 2.1-mm 4; mobile phase, n-hex- 
ane-isopropyl ether-ethanol-HzO (5:20:1.5:10, v/v, upper layer); flow 
rate (pressure), 0.43-0.46 ml/min (84 kg/cm2). 


Samples from Other Experiments-The concentrations of model 
compounds other than betamethasone dipropionate in test suspensions 
were analyzed spectrophotometrically as described in the previous paper 
(4). For the analysis of betamethasone dipropionate, the optical density 
was read at  243 nm after dilution with ethanol-HZ0 (l : l ,  v/v). The sample 
solutions (filtrate or supernate) for the determination of the solubilities 


6 Millipore memhrane filter HA., Millipore Corp., Bedford, Mass. 
7 Terumo Co., Ltd., Tokyo. 


Sigma Chemical Co., St. Louis, Mo. 
Dupont 830 I L ,  


lo Zorbax SIL, 


CO, mg/ml 


0.5 
1 .o 


20.0 
50.0 


5.0 
5.0 
5.0 
5.0 


50.0 
25.0 
2.5 


Vn, ml j ,  hr-' Comment 


0.50 0.27 VO: constant 
0.50 0.14 
0.50 0.025 
0.50 0.015 
0.05 
0.10 
0.50 
2.00 
0.050 
0.10 
1.00 


0.12 CO: constant 
0.10 
0.046 
0.032 
0.020 WO: constant 
0.027 
0.045 


1.25 2.00 0.11 
g = -0.656 (0.049), h = -0.315 (0.057) 


0 Controlled suspension. b The values g and h were estimated by multiple re- 
gression analysis and are given together with the standard errors in parentheses. 


of azo compounds in 2% bovine serum albumin solution were assayed by 
a colorimetric method similar to that reported previously (4). Those of 
sulfa drugs were assayed as follows: One milliliter of the sample solution 
was thoroughly mixed with 5 ml of pH 4.7 buffer [ l  N HCI-1 N 
CH&OONa, 3 7  (v/v)] and from this mixture the sulfa drug was extracted 
with 10 ml of ethyl acetate. A portion of this extract was freed of the 
solvent in uacuo then assayed colorimetrically after diazotization ac- 
cording to the method described in the previous paper (4). 


RESULTS AND DISCUSSION 


State of the Depot and  D r u g  Absorption Kinetics-Although the 
subcutaneous region is composed of networks of loosely cross-linked fi- 
brous tissues, injected solutions form a pool (depot) with lateral spread 
(6,7). This was also observed in experiments using aqueous suspensions 
of some dyes and uniform latexes. In addition, the suspension particles 
were confined to such networks and their spreading was not so extensive 
as that of the aqueous dispersion medium (vehicle) after injection. For 
example, even in the case of a I-ml injection of 0.5% (w/v) of uniform latex 
of 0.7 pm in diameter (this size seems to be the approximate lower limit 
for common preparations) into the dorsal subcutaneous region of rats, 
the resulting lateral spreading area of the particles did not exceed -30% 
of that of the aqueous vehicle. This spreading area became smaller with 
increasing particle size. These findings clearly indicated that the sub- 
cutaneously injected particles were loosely agglomerated at the injection 
site. 


In common cases, a drug in aqueous suspension injected subcuta- 
neously must first become dissolved in the tissue fluids surrounding the 
particle agglomerate, diffuse into the intercellular space (or intracellular 
region) of the connective tissues, and then permeate the vascular mem- 
branes until it enters the blood or lymph stream. The participation of 
direct absorption of the fine particles by phagocytosis or some other 
mechanisms can not be completely denied (8,9). However, their contri- 
bution to the drug absorption may be much smaller than that of the above 
mentioned mechanism uia the dissolution process except for exceedingly 
fine particles of water-insoluble drugs (10). 


I t  was indicated previously (11) that the connective tissue ground 
substance formed a diffusion barrier to the subcutaneous absorption of 
carbohydrates with different molecular weights in aqueous solution. The 
relationship between the absorption rates of a variety of compounds 
subcutaneously implanted in rats and their physicnchemical properties 


Table  111-Check of Experimentally Determined g and  h Values 
Using Betamethasone Dipropionate Aqueous Suspensions 


Experiment j ( i  ) / J  ( 1) 
Number CO, mg/ml Vn, ml Calculated Experimental 


1" 2 0.05 


26 1 0.50 
2 0.50 0.48 0.49 (0.03) 


10 0.50 0.2'2 0.26 (0.03) 


a Vehicle, 0.01% (w/v) polysorbate 80 + 0.01% (w/v) henzalkonium chloride + 
0.38% (w/v) NaHzP042H20 + 1.79% (w/v) Na2HPOr12H,O; D, ( n ) ,  7.1 pm (2 .5 ) .  


Vehicle,0.5% Iw/vl methvlcellulose SM-15 + 0.01% ( w k )  aolvsorhate 80 t 0.9% 
(w/v) NaCI; D.. ( n ) ,  2.5 pm (2.6). 
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Figure 1-Time course of p-hydroxyazobenzene absorption from subcutaneous injection site. Each point represents the mean of a t  least four 
experiments; vertical bar shows the standard deuiation. CO = 1 mglml; VO = 0.5 ml. 


- 


- 
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were studied (2). It was concluded that the absorption from this system 
was solution rate limited. Visual observations of present experimental 
systems supported this conclusion, since the tissue fluid colored by the 
dissolution of a dye was almost limited to the narrow region close to the 
surface of the particles or their agglomerate except for a short period 
immediately after injection. 


On the basis of the above findings, it is assumed that the absorption 
is controlled by diffusion from the surface of the agglomerate. The process 
of this absorption seems to have a resemblance to that observed after 
intramuscular injection. Thus, the absorption model proposed for the 
intramuscular injection in a previous study (4) is expected to be applicable 
to the subcutaneous injection as well. From that model the following 
kinetic equations could be derived to describe the intramuscular ab- 
sorption process (4). The fraction of the drug amount ( W )  remaining a t  
the injection site to the dose ( W O )  was given as a function of time ( t ) :  


( W/Wo)1l3 = 1 - j t  (Eq. 1) 


where j was defined as an absorption rate constant. This j could be related 
to the in uiuo solubility ( C s ) ,  density of the drug crystal ( p ) ,  in uiuo dis- 
solution rate constant ( k ) ,  and the dose ( WO),  using a correction param- 
eter (t) for the effective surface area of the particle agglomerate for the 
in uiuo dissolution: 


j = k ~ C , p - ~ / ~  W 0 - ~ f ~ / 3  (Eq. 2) 


In this equation the parameter t was assumed to be an unknown function 
of the effective particle size ( D ) ,  initial volume concentration (Colp)  of 
the suspended drug, injection volume (Vo), and other factors ( U )  con- 
taining hydrodynamic factors (injection speed and pressure) and the 
histological and physiological factors in the injection site: 


= F ( D ,  Co lp ,  Vo, u) (Eq. 3) 


The relationship between t (or j )  and Co, VO, or D was investigated ex- 
perimentally (4). 


In the present study, the above kinetic relationships proposed for the 


HOURS 


Figure 2-Effect of particle size on subcutaneous absorption of p- 
hydroxyazobenzene. Each point represents the mean of a t  least three 
experiments; uertical bar indicates the standard deuiation. Ca = 5 
rnglml; VO = 0.5 ml. 


intramuscular absorption were checked to ascertain their applicability 
for the subcutaneous absorption and then developed to gain greater 
understanding of its phenomena. 


Time Course of Drug  Absorption-First, the validity of Eq. 1 was 
checked experimentally. Figure 1 shows a plot of the residual fraction 
(WIWO) or its cube root of the drug remaining in the injection site against 
time after dorsal subcutaneous administration of the controlled aqueous 
suspension of p-hydroxyazobenzene into intact rats. The initial drug 
concentration (CO) and injection volume (Vo) are given in the legend. The 
cube root plot (B) gave a good linear relationship while the other (A) 
showed an upward curvature. This tendency was common throughout 
the following absorption experiments of different conditions, and the 
correlation coefficient obtained by the least-squares linear regression 
from the cube root plot was always larger than that from the linear plot. 
These results suggest that Eq. 1 is appropriate for describing the time 
course of the subcutaneous drug absorption from aqueous suspensions. 
In addition, the moderate magnitude of the standard deviations shown 
in Fig. 1 demonstrated that the other factors ( U )  in the parameter t might 
be well-controlled under the experimental conditions in this study. 


Effect of Particle Size on Absorption-The particle size of a sus- 
pension is an important factor for intramuscular (12-14) and subcuta- 
neous absorption (1) as well as for absorptions from other routes (15). If 
the suspension particles are dispersed at  the injection site too extensively 
to aggregate with each other, and, hence, the drug transport from the 
surface of each particle takes place independently, the particle size effect 
on the absorption may appear most strongly. tn such a case, theoretically, 
E = 6( W ~ / P ) ' / ~ / D  for monodispersed spherical particles (diameter, D) 
and therefore is inversely proportional to the particle size (4). However, 
this is expected to he rare in practice because of the agglomerate forma- 
tion in the injection site, except in an exceedingly dilute suspension with 
very fine particles. Thus, the relationship between the drug absorption 


0.02 1 'fy-.*- 1. 
I I I I 1~ 
0 4 8 12 


PARTICLE SIZE, Dss, Mrn 


Figure 3-Relation between absorption rate constant ( j)  and particle 
size (Dss). The ualue of j was estimated by the least-squares method and 
is plotted with the standard error. Key: -0-, sc (VO = 0.5 ml); -0-, 
im (Vo = 0.05 ml); p-hydroxyazobenzene concentration of both injec- 
tions, 5 mglml. 
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Table IV-Comparison of Subcutaneous Absorption Rate Constants ( j )  with In Vitro Solubilities (6, and  Ci) and  Values of 
MW-0.5p-0.34 


~ ~ ~~~~ 


I n  Vi tro Solubility 
Compound C,,  mg/mla C,, mg/mlb MW-O.5,,-0.34 c j ,  hr-' 


Sulfamethoxazole 5.7' 7.2 0.0549 0.374 (0.015) 
0.076 <0.76 0.0522 0.168 (0.013) N1-Acetylsulfamethoxazole 


p -Aminoazobenzene 0.049 0.41 0.0672 0.0652 (0.0037) 
p-Hydroxyazobenzene 0.034 <0.69 0.0637 0.0420 (0.0035) 


0.007 <0.14 0.0625 0.0193 (0.0016) 0-  Aminoazotoluene 
1-Phenylazo-2-naphthylamine 0.0003 0.076 0.0585 0.00241 (0.00014) 


a Solubility in saline [0.9% (w/v) NaCl aqueous solution] a t  37". * Solubility.in 2% (w/v) bovine serum albumin in pH 7.25 isotonic phosphate buffer a t  37". MW, 
molecular weight; p !  density. This term is defined in detail in the text. d Value estlmated by the least-squares method from the data shown in Fig. 6; listed with the standard 
error in arentheses. e Solubility in pH 7.25 isotonic phosphate buffer a t  37" (solubility in saline at  37', 0.61 mg/ml). Solubilities of other test compounds in saline agreed 
well wit[ those in the buffer. 


rate and particle size seems to be very complicated. A previous study on 
the intramuscular absorption showed that the increase in the absorption 
rate constant 0') with decreasing mean particle diameter (D,,) was re- 
markable in the region of D,, smaller than 2-3 pm, while it was gradual 
or slight in the region above this (4). 


Figure 2 compares subcutaneous absorption time profiles of p-hy- 
droxyazobenzene from three preparations with different mean particle 
diameters (DSs)  but with similar distribution constants ( n )  and sedi- 
mentation volumes (Vaed): D ,  (n) ,  7.4 pm (2.5), 2.5 pm (2.8), and 1.1 pm 
(2.9); V e d ,  2.8-3.2 cm3/g. The absorption rate constant 0') was obtained 
from the slope of each linear relationship in this figure and then plotted 
against D, in Fig. 3. For comparison, the results from similar experiments 
of the intramuscular route (m. gastrocnemius) are also shown. Figure 3 
suggests that the relationship between j and D,, for the subcutaneous 
route is qualitatively similar to that for the intramuscular route. The 
particles smaller than 2-3 pm in diameter seem to pass more easily 
through the network of the fibrous tissues accompanying the spreading 
of the dispersion medium during injection. This may cause a looser ag- 
glomeration of the particles and result in the abrupt change in J below 
this particle size. 


Figure 4 shows the effect of particle size on the lateral spreading of the 
particle agglomerate. Here,six water-insoluble standard particles with 
different mean diameters (D, obtained from the number size distribution 
curve) were used for comparison. The similarity of the form of this curve 
to those in Fig. 3 may support the above speculation. The participation 
of direct absorption mechanisms involving phagocytosis must be also 
considered but their contributions seem to be relatively small under the 
present experimental conditions. In any event, the tendency of the par- 
ticle size effect appears to have a very important practical meaning. 


Effect of Init ial  Drug Concentration and Injection Volume-If 
the injected particles form no agglomerate and the drug transport from 
each particle proceeds independently, and if this process is a rate-de- 
termining step, the absorption rate constant 0') does not depend on the 
dose and is inversely proportional to the particle size as mentioned pre- 
viously. However, this was not the case for the subcutaneous injection 
of ordinary aqueous suspensions. The absorption rate constant G), given 


Q I 'L 


0.6 I 1 


0 5 10 15 20 
MEAN PARTICLE (D), pm 


Figure 4-Effect of particle size on the  lateral spreading area o f  the  
particle agglomerate formed by subcutaneous injection of aqueous 
suspension. Each point represents the  mean of three experiments; 
vertical bar indicates the standard deuiation. These data were obtained 
using water-insoluble standard particles of uarious sizes under the 
following conditions: CO = 5 mglml; VO = 1.0 ml; measurement ,  5 min 
after injection. 


by Eq. 2, is a function of the dose Wo and the parameter c. The term WO 
is the product of the initial drug concentration (CO)  and injection volume 
( V O ) .  The parameter c is assumed to depend on CO and Vo, but their re- 
lationship is not known. Therefore, the quantitative relationship between 
j and CO or V0 is also not clear. 


To elucidate this relationship, the absorption time courses of the 
controlled suspensions of p-hydroxyazobenzene with different Co and 
VO were followed, then their absorption rate constants 0') were obtained 
from the same plot as Fig. 1B. In Fig. 5 j is plotted against CO a t  fixed VO 
(0.5 ml) or against VO a t  fixed CO (5 mg/ml) on a log-log scale. The linear 
relationships of both plots allow the following tentative and approximate 
representation: 


j = fC&Voh (Eq. 4) 
where f is a constant that  depends on the drug and its suspension prep- 
aration. 


Thus, the experimental values of g and h were estimated by multiple 
regression analysis from 12 sets of data for the controlled suspensions 
of p-hydroxyazobenzene. The original data used for this estimation and 
resulting g and h values are summarized in Table 11. Next, to ascertain 
the applicability of these experimental values (g = -0.66 and h = -0.32), 
additional examinations were done using aqueous suspensions of beta- 
methasone dipropi'onate. Employing Eq. 4 and the g and h values de- 
termined above. the ratio of j ( i )  at Co(i) and Vo( i )  to j (1) at Co(1) and 
Vo(1) for suspensions with the same drug and similar colloidal properties 
can be represented as: 


j ( i ) / j ( I )  = [Co(i)/Co(1)l-066 [ V o ( i ) l V 0 ( 1 ) ] - ~  32 (Eq. 5) 


Table I11 compares the calculated and experimental ratios j(i)/j(l) for 
the case where Co(i)/Co(l) = 10 or Vo(i)/Vo(l) = 10. These comparisons 
showed good mutual agreements, despite the fact that  the vehicle and 
the colloidal properties of the suspensions tested here differed consid- 
erably from those of the controlled suspension of p-hydroxyazobenzene 
used for the estimation ofg and h values. Therefore, Eq. 5, obtained ex- 


V,, ml 
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Figure 5-Relation between absorption rate constant 6) and injection 
volume (Vo) or initial drug concentration (Co) for  t h e  controlled sus- 
pension of p-hydroxyazobenzene. T h e  value of j U I Q S  estimated by the  
least-squares method. Key: -0-, constant VO (0.5 ml); -0-, con- 
s tan t  CO (5 mglml) .  
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Figure 6-Comparison of absorption rate among uarious compounds 
(controlled suspension). Each point represents the mean of three or four 
experiments; vertical bar indicates the standard deuiation. Co = 5 
mglml; VO = 0.5 ml. Key: -@-, I-phenylazo-2-naphthylamine; 
-A-, o-aminoazotoluene; -+-, p-hydroxyazobenzene; -0-, p- 
aminoazobenzene; -A-, N'-acetylsulfamethoxazole; -0-, sul- 
famethoxazole. 


perimentally, is expected to be generally applicable for aqueous sus- 
pensions other than the model ones tested here. 


Using the above results, the relationship between the parameter t and 
CO or VO can be clarified empirically in the following manner: 


(Eq. 6) j = fCO-O 66VO-0.32 


Employing the relationship WO = CoVo, Eq. 2 can be rewritten as: 


j = k C , 1 ' - 2 / 3 ~ C ~ - 1 / 3 V ~ - 1 / 3 / 3  (Eq. 7) 


From the equivalency of Eqs. 6 and 7, the parameter t must satisfy the 
following relationship: 


c = F(D, Colp ,  VO, U )  = ~ ( C O / ~ ) - ~ . ~ ~ V ~ ~ . ~ ~  (Eq. 8)  


where 6 is a term that depends on the remaining factors D and U .  
Equation 8 means that the parameter t depends little on the injection 
volume ( VO) but decreases by increasing initial drug concentration (CO). 
This also implies that  the degree of agglomeration may tend to increase 
with an increase in Co. Substitution of Eq. 8 for c in Eq. 7 yields: 


j = (kC,j/3)p-0.34CO-0.66VO-0.32 (Eq. 9) 


The above empirical equation obtained for the subcutaneous route 
demonstrates a great similarity to that for the intramuscular route, which 
was given by the following equation (4): 


j ,  = (k,C,6,/3)p-0.45Co-0.55V~-o 32 (Eq. 10) 


I t  should be noted that the correlation between the absorption rate 
constant and injection volume is identical for the two routes. 


Although Eqs. 9 and 10 are derived empirically, they should be very 
important and useful since they give relationships between the dose and 
absorption rate constant which have been unknown until now. 


Comparison of Absorption Ra te  among Various Compounds- 
Equation 9 shows that the absorption rate constants (j) of different 
compounds depend upon the values of k ,  C,, and p when the prepara- 
tion-dependent parameters (6) are the same. As defined previously, p ,  
k ,  and C, represent the density of the drug, the in uiuo dissolution rate 
constant, and in uiuo solubility in the injection site, respectively. Of these 
factors, only the value of p can be determined by an in uitro experiment; 
the other two ( k  and C,) cannot be completely estimated from such an 
experiment. From a practical point of view, an attempt was made to 
clarify the quantitative relationship between j and the above three factors 
(or their first approximations). 


Figure 6 compares the subcutaneous absorption time profiles of six test 
compounds. In this comparison, the controlled suspensions with similar 
colloidal properties (Table I) were used to minimize the variation in 6 in 
Eq. 9. All the compounds gave good linear relationships with different 
slopes. Their observed absorption rate constants (j) are summarized in 
Table IV with their physicochemical factors such as in uitro solubilities 
in saline and 2% (w/v) bovine serum albumin (C, and C;, respectively). 
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Figure 7-Relationship between absorption rate constant (j) and in 
vitrosolubility (Cs'). The ualue of j was estimated by the least-squares 
method from the data shown in Fig. 6. Key: -@-, sc (C, = 5 mglml; 
vo = 0.5 ml); -0-, im (Co = 5 mglml; Vo = 0.05 ml), cited from a 
previous study ( 4 ) .  


As discussed previously, the absorption is inferred to be a diffusion- 
controlled process. Diffusion coefficients of compounds having low mo- 
lecular weight (MW) are known to be inversely proportional to the square 
root of MW (16). The in uiuo dissolution rate constant ( k )  in Eq. 9 is 
considered to be proportional to the diffusion coefficient, like that in uitro 
(2,17). Therefore, Eq. 9 can be converted to 


j = (Bd/3)MW-0.5p-0.34C,Co-0.66V -0.32 (Eq. 11) 


where B is a constant. Thus, the values of MW-o.5p-o.34 for model drugs 
were calculated and are in Table IV as the correction term. However, 
these values were similar to each other for the compounds tested here. 
In contrast, the in uitro solubility was a more dominant factor and had 
a positive relation with the absorption rate constant. 


Equation 11 means that the plot of j (or J,,,, = jMW0.5e0.34, if the 
correction for MW and p is necessary) against in uiuo solubility (C,)'on 
a log-log scale gives a straight line with a slope of unity a t  the constant 
initial drug concentration (CO) and injection volume (VO). The closed 
circles in Fig. 7 show this plot using in uitro solubility (C',) in Table IV 
instead of in uiuo solubility (Cs). This gave a nearly straight line with a 
slope of 0.53 (regression equation, log j = 0.525 log Cb - 0.578; correlation 
coefficient, r = 0.956). Using j,,,, in place of j ,  a similar relationship was 
also obtained (log jcorr = 0.534 log C', + 0.660, r = 0.953). 


In Fig. 7, similar data for the intramuscular administration (m. gas- 
trocnemius), cited from a previous study (4), are also plotted with open 
circles. Remarkably, the slopes of these plots for the two routes were al- 
most identical. This shows a strong similarity in the absorption mecha- 
nism between the two routes. The deviation of the slope from unity ob- 
served in Fig. 7 may he attributed mainly to a gradual increase in the ratio 
C,/C, with decreasing C; caused by the relatively larger. solubilization 
effect of the protein components in the body fluid for the drug having 
a smaller solubility. The comparison of C', and C ;  in Table IV supports 
this explanation. 


The good linear relationship between log j (or log j,,,,) and log C; 
mentioned previously is expected to be applicable for predicting the 
subcutaneous absorption rates of other compounds in the controlled 
suspensions from C,. For instance, the prediction (from the regression 
equation, log j,,, = 0.534 log C; + 0.660) for the test material, betam- 
ethasone dipropionate (MW = 504; p = 1.23 g/cm3; C, = 0.002 mg/ml) 
gave a value of 0.007 hr-I for j (at CO = 5 mg/ml and VO = 0.5 ml), which 
almost agreed with the experimental value of 0.0096 (f0.0011) hr-' ob- 
served using the following controlled suspension: D,, = 4.3 pm; n = 2.6. 
This satisfactory result suggests that similar prediction will be possible 
for other drugs. 


Comparison of Absorption Rates between Subcutaneous and  
Intramuscular  Routes-Hitherto, drug absorption kinetics and 
mechanisms from aqueous suspensions in the subcutaneous route have 
been clarified, and their strong similarity to those by the intramuscular 
route, discussed previously (4), have been pointed out. A direct com- 
parison of absorption rates between the two routes seems to be usable 
but there has been little available data (18). Table V shows this com- 
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Table V-Comparison of Absorption Rate Constants ( j )  between 
Subcutaneous (sc) and Intramuscular  (im) Routes a 


j ,  hr-I 


Compound sc imc 


Sulfamethoxazole 0.78 1.10 f 0.07 
p-Aminoazobenzene 0.14 0.18 f 0.01 
p-Hydroxyazobenzene 0.090 (0.12 f 0.02)d 0.17 f 0.01 
o- Aminoazotoluene 0.040 0.093 f 0.005 
1-Phenylazo-2-naphthyl- 0.0050 0.0093 f 0.0006 


smine 


Controlled suspension. CO, 5 mg/ml; VO, 0.05 ml. * Estimated by extrapolation 
of data shown in Table IV usin Eq 5 Experimental data (with standard error) 
cited from the previous reportT4). d Experimental value (with standard error). 


parison using five controlled suspensions. To compare a t  the same drug 
concentration (CO) and injection volume ( VO),  the values estimated by 
extrapolation of the data shown in Table IV using Eq. 5 were used for the 
absorption rate constants 0’) in the subcutaneous route. This comparison 
shows that the absorption rate from the subcutaneous route is slower than 
that from the intramuscular route for all the test suspensions. A similar 
tendency was previously observed for injections of drug-oil solutions (5). 
The relationship between j and CO in the subcutaneous route differed 
slightly from that in the intramuscular route (Eqs. 9 and 10). Therefore, 
it should be noted that the difference in j shown in Table V may increase 
with increasing CO. 
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Abstract  0 In dissolution studies of whole and halved 100-mg sus- 
tained-release theophylline tablets, drug release from halved tablets was 
significantly higher. These differences were not reflected in the bio- 
availability studies. The area under the curve (AUC) mean absorption 
time and fraction-of-dose recovered in urine at  24 hr were not significantly 
different following the ingestion of whole or halved 100-mg tablets. The 
elimination rate constant, half-life, volume of distribution, plasma, and 
renal clearance values were consistent with values reported previously. 
Discrepancies were found in the 24-hr metabolite distribution as com- 
pared to literature values and may be accounted for by the age and health 
of the subjects and the frequency of dosing. 


Keyphrases 0 Dissolution-whole and halved sustained-release theo- 
phylline tablets Sustained-release system-dissolution of whole and 
halved theophylline tablets 0 Bioavailability-whole and halved sus- 
tained-release theophylline tablets 0 Theophylline-bioavailability and 
dissolution study of whole and halved sustained-release tablets 


Breaking sustained-release theophylline tablets in half 
is commonly practiced to achieve more accurate milligrams 
per kilogram dosing in children. The extent to which this 
affects dissolution and bioavailability is unknown. 


In this investigation, 100-mg sustained-release theo- 


phylline tablets’ were used to study the effect of halving 
tablets on dissolution and bioavailability. No published 
information about the dissolution of these tablets was 
available. After oral administration of the 100-mg tablet, 
however, 90% of the dose was absorbed within 14 hr and 
almost 100% was absorbed by 28 hr (1). When 300-mg 
tablets were dissolved, 50% of the dose entered solution by 
2 hr and > 90% of the dose entered solution by 6 hr (1). 


EXPERIMENTAL 


Dissolution-The official USP dissolution apparatus was used (2). 
Simulated gastric and intestinal fluids were used as dissolution media 
(2). 


Simulated gastric fluid, USP (Z), was prepared by dissolving 2 g of 
sodium chloride and 3.2 gof pepsin in 7 ml of HCI and diluting the solu- 
tion to 1000 ml with distilled water. This test solution had a pH of 1.2, 


Simulated intestinal fluid, USP (2), was prepared hy diswlv~ng 6.8 g 
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Abstract Eleven tetrazole analogs of substituted phenylalanines were 
prepared and tested for antitumor activity using P-388 lymphocytic 
leukemia cells in mice. None of the compounds exhibited significant 
activity (T/C %, < 125). 
Keyphrases Antileukemic activity-tetrazole analogs of substituted 
phenylalanines against P-388 lymphocytic leukemia 0 Phenylalanines, 
substituted-tetrazole analogs, preparation and screening for antileu- 
kemic activity Tetrazole-analogs of substituted phenylalanines, 
preparation and screening for antileukemic activity 


The demand for nutrients differs between tumor cells 
and normal cells (1). Since rapidly proliferating cancer cells 
take up nutrients more rapidly, they may be selectively 
“starved” by substituting nonfunctional amino acid de- 
rivatives for the normal substrate. N-Chloroacetyl deriv- 
atives of para -substituted phenylalanines were reported 
(2) to have significant growth inhibitory activity in a mi- 


Table I-Aryl-Substituted Ethyl 2-Acetamido-2-cyano-3-phenylpropanoates 


crobial antitumor prescreen. 
Recent reviews (3, 4) indicated that no reports have 


appeared for testing tetrazole analogs of amino acids for 
antineoplastic activity. Studies of the biological activity 
of 5-substituted tetrazoles have been prompted by a close 
similarity between the acidity of the tetrazole group and 
the carboxylic acid group, and the fact that the tetrazole 
function appears to be metabolically more stable (3). 


The chemically similar tetrazole ring system (5) has been 
used to replace the carboxyl group in several amino acids 
(6-8). These in vitro studies suggested that the tetrazole 
analog may serve as substrate inhibitor of the respective 
amino acid in certain enzymatic reactions. The purpose of 
this study was to determine whether tetrazole analogs of 
certain phenylalanine derivatives would exhibit antileu- 
kemic action in mice. 


Compound R Melting Point Yield, % Formula 
Analysis, 70 


Calc. Found 


C 60.43 
I 2F 


11‘ 2c1 


94-96’ 


145-8’ 


C 49.57 
68.7 C I ~ H I S B ~ N Z O ~  H -4.46 


N 8.26 
c 43.54 


IV 21 174-176” 67.5 Ci4H15INz03 H 3.92 
N 7.25 


I11 2Br 150-152’ 


C 62.06 
V 20CH3 142-144’ 92.8 C I S H I ~ N Z O ~  H 6.25 


N 9.65 
C 62.06 


VI 40CH3 164-167’ 57.1 Ci5Hi8Nz04 H 6.25 
N 9.65 
C 49.57 


VII 4Br 165-168’ 62.7 C14H15BrN~03 H 4.46 
N 8.26 


61.07 
5.51 


10.07 
58.46 
5.61 
9.04 


49.63 
4.51 
8.24 


43.61 
3.96 
7.23 


62.12 
6.31 
9.67 


62.01 
6.29 
9.63 


49.41 
4.52 
8.24 


Isopropyl ester (the analytical sample was inadvertently recrystallized from isopropyl alcohol resulting in transesterification) 
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Table 11-Aryl-Substituted Ethyl l-Acetamido-l-tetrazol-5-yl-2-phenylpropanoates 


NHCOCH, 


Analysis, % 
Compound R Melting Point Yield. % Formula Calc. Found 


51.20 C 50.91 
VIII 2F 131-133' 9.6 C ~ ~ H ~ ~ F N ~ ~ ~ * ' / Z H Z O  H 5.19 4.99 


N 21.20 21.35 
C 49.78 49.71 


IX 2c1 65-68' 79.3 Ci4Hi&1N503 H 4.77 4.94 
N 20.73 20.53 c 43.99 43.74 


X 2Br 71-74' 63.3 C14H16BrN503 H 4.22 5.25 
N 18.32 16.13 
C 39.18 38.50 


XI 21 163-165' 52.2 Ci4Hi6IN503 H 3.76 3.83 
N 16.32 16.18 
C 54.05 53.29 


N 21.01 20.76 
C 51.28 51.19 


XI11 40CH3 100-1020 17.2 Ci5Hi9Na04-HzO H 6.02 6.00 
N 19.93 20.16 
C 42.01 41.87 


N 17.50 17.52 


XI1 20CH3 95-1000 30.0 CiaHieNaOr H 5.75 5.97 


XIV 4Br 90-92' 63.7 C14H16BrN50~HzO H 4.53 4.57 


Table 111-Aryl-Substituted 5 4  1-Amino-2-pheny1ethyI)tetrazoles 


R 


N" 
NH, 


Compoundo R Meltingb Point Yield, % Formula 
Analysis, % 


Calc. Found 


xv 


XVI 


XVII 


XVIII 


XIX 


xx 


XXI 


XXII 


2F 


2c1 


2Br 


21 


40H 


4Br 


3Fc 
4ClC 
4CH3' 


270' 


284' 


273' 


270' 


280' 


280' 


290' 


269' 


46.5 


34.7 


62.3 


62.2 


26.1 


26.3 


76.6 


70.7 


~~ 


a All racemates. * All compounds melted with decomposition. Reference 6. 


EXPERIMENTAL' 


Aryl-substituted Ethyl 2-Acetamido-2-cyano-3-phenylpropa- 
noates (I-VI1)-A previously reported method (6) was used to prepare 
intermediates I-VII. Physical and chemical data are shown in Table I. 


NMR data agreed with the proposed structures. The NMR spectra 


Elemental analyses were performed by Atlantic Microlab, Atlanta, Ga. NMR 
data were recorded on a Varian T-60A spectrophotometer. Melting points were 
taken in open capillary tubes and are uncorrected. 


C 52.17 51.91 ~~ ~~ 


H -4.86 4.92 
N 33.80 33.68 
C 48.33 48.34 
H 4.51 4.53 
N 31.31 31.26 ~~ ~~ ~~ ~. 


C 40.32 40.51 
H 3.76 3.43 
N 26.12 26.26 


34.46 C 34.30 
H 3.20 2.92 
N 22.22 22.27 
C 54.78 54.69 
H 5.98 5.99 
N 31.94 31.91 
C 54.78 
H 5.98 
N 31.94 
C 50.46 
H 5.65 
N 32.69 c 40.32 
H 3.76 
N 26.12 


49.91 
5.43 


(dimethyl sulfoxide-&, tetramethylsilane internal standard) showed the 
following common absorption peaks: 6 1.00-1.20 (t, 3H, CCH3), 1.90-2.10 


and 7.10-7.90 (4H, the pattern varied depending on the ring substituent) 
ppm. Each spectrum integrated for the correct number of protons. The 
spectra of V and VI exhibited an additional absorption peak at 6 3.70 (9, 
3H, OCH3). The isopropyl ester of I1 showed absorption peaks for iso- 
propyl at 6 1.10 [m, 6H, C(CH&] and 4.90 (m, IH, CH) ppm. 


Aryl-substituted Ethyl l-Acetamido-l-tetrazol-5-yl-2-phenyl- 
propanoates (VIII-XIV)-Intermediates VIII-XIV were prepared 


(s,3H, COCH3),3.35-3.55 (5,2H, arylCHzC), 4.00-4.20 (q, 2H, OCHzC), 


Journal of Pharmaceutical Sciences I 357 
Vol. 77. No. 3, M r c h  1982 







using a previous procedure (6) and Table I1 lists their physical and 
chemical data. 


In agreement with the proposed structures, the NMR data exhibited 
the common absorption peaks (dimethyl sulfoxide-d6, tetramethylsilane 
internal standard): 6 1.10-1.20 (t, 3H, CCH3), 1.9C2.00 (s, 3H, COCH3), 
3.65-3.85 (s,2H, aryl CHzC), 4.10-4.20 (q,2H, OCHzC), and 6.80-7.30 
(m,4H, aromatic) ppm. The spectra of XI1 and XI11 showed a singlet a t  
6 3.60 ppm that integrated for 5 protons (aryl CHz and aryl OCH3). 


Aryl-substituted 5 4  1-Amino-2-phenylethy1)tetrazoles XV- 
XXI1)-Compounds XV-XX and XXII were prepared by a previously 
reported method (6). Compound XXI was prepared by modification of 
a previously reported method (9). A mixture of compound XX (3.0 g, 
0.014 mole) in 48% hydrogen bromide (50 ml) was heated at  reflux under 
nitrogen for 4 hr. The mixture was concentrated under reduced pressure. 
The residue was dissolved in distilled water and the pH was adjusted to 
7 with concentrated ammonium hydroxide. After standing a t  room 
temperature for 12 hr, the product was filtered, air dried, and recrystal- 
lized from N,N-dimethylformamide, 2.2 g (76.6%), mp 290’ dec. Table 
I11 contains physical and chemical data for XV-XXII. 


Assignments of the common NMR absorption peaks are (10% sodium 
deuteroxide): 6 2.95-3.10 (m, 2H, aryl CH2), 4.30-4.50 (m, lH,  CCH), and 
6.70-7.20 (m, 4H, aromatic) ppm. There was an additional absorption 
peak for XIX and XX at 6 3.40 (s, 3H, aryl OCHj) ppm. 


Anticancer Screening-The tetrazole analogs of substituted phen- 
ylalanines were screened for anticancer activity2 using P-388 lymphocytic 
leukemia cells in mice of either sex. On day zero, mice were inoculated 
intraperitoneally with 106 leukemic cells. Twenty-four hours later, a test 


2 Developmental Therapeutics Program, Division of Cancer Treatment, National 
Cancer Institute, Silver Spring, MD 20910. 


compound was administered intraperitoneally once daily for the first 9 
days or in three injections on every 4th day (XVI, XXIII). The test results 
were recorded on the 30th day. 


RESULTS AND DISCUSSIONS 


All compounds were tested for antileukemic activity at doses of 25,50, 
100, and 200 mg/kg (some in triplicate). For compounds XVI, XVIII, and 
XIX, the T/C% was near or greater than 125. For all other compounds, 
the T/C% was < 125 (all mice died when compounds XX and XXIII were 
administered at  200 mg/kg). Compounds XVI, XVIII, and XIX were 
retested a t  400 mg/kg (in duplicate) and exhibited a T/C% < 125. None 
of the compounds exhibited significant antileukemic activity. 
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Abstract 0 Pilocarpine, isopilocarpine, pilocarpic acid, and isopilocarpic 
acid can be measured effectively by high-performance liquid chroma- 
tography (HPLC). Previous reports have differed on the degree of con- 
tamination of commercial pilocarpine preparations with isopilocarpine 
and pilocarpic acid. This report describes a study of commercial pilo- 
carpine in which no significant contamination was found. 


Keyphrases 0 Pilocarpine-analysis of commercial preparations by 
high-performance liquid chromatography 0 High-performance liquid 
chromatography-analysis of commercial pilocarpine Ocular 
agents-pilocarpine, analysis by high-performance liquid chromatog- 
raphy 


Several assays have been reported for pilocarpine, iso- 
pilocarpine, pilocarpic acid, and isopilocarpic acid using 
high-pressure liquid chromatography (HPLC) (14). The 
earliest of these reports includes the results of a study done 
on commercial pilocarpine samples, which showed that in 
one case, contamination with isopilocarpine was as high 
as 25% (1). An effort to corroborate this study failed, due 
to technical difficulties (2). Modifications of the original 
HPLC method were used in a recent study of commercial 
pilocarpine preparations and no significant contamination 
with the isopilocarpine isomer or the degradation products, 
pilocarpic acid or isopilocarpic acid, was found (5). The 
present report describes a similar study. 


EXPERIMENTAL 


Each locally available commercial pilocarpine preparation was ob- 
tained through prescription from a retail pharmacy. Letters were sent 
to all other manufacturers’ of pilocarpine asking for a 1% sample of their 
product to be used for animal experimentation. Nine fresh samples of 
pilocarpine were obtained. Each sample was diluted with HPLC grade 
water to a concentration of 0.10%. Pilocarpine hydrochloride2 and iso- 
pilocarpine hydrochloride3 standards were obtained commercially in 
powder form. Pilocarpic acid and isopilocarpic acid were prepared by the 
hydrolysis of pilocarpine and isopilocarpine in 0.1 N NaOH, respectively. 
These were diluted to make 0.10% standard solutions. 


The mobile phase was prepared by dissolving 50 g of monobasic po- 
tassium phosphate in a solution of 900 ml of water and 30 ml of methanol. 
The solution pH was adjusted to 2.5 with 85% phosphoric acid, and the 
total volume was brought to 1 liter with water. Separation was achieved 
by isocratic reversed-phase chromatography* on an RP-C18 lOpm col- 
umn5, (flow rate 1.5 ml/min) at  ambient temperature. Detection was by 
optical absorbance at  216 nm6. Peak heights of standard preparations 
were compared with peak heights of the unknown commercial prepara- 


Listed in the “Pharmaceutical Drug Topic Redbook” (6) as of January 1979. 
Mallinckrodt, St. Louis, Mo. 
Aldrich, Milwaukee, Wis. 
Model 310 high-performance liquid chromatograph, Altex Scientific, Berkeley, 


Lichrosorb RP-C18 (10 p n )  in 4.6 X 250-mm column, Altex Scientific, Berkeley, 


Model 785 variable-wavelength detector, Micromeritics Instrument Corp., 


Calif. 


Calif. 


Norcross, Va. 
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Table V-Comparison of Absorption Rate Constants ( j )  between 
Subcutaneous (sc) and Intramuscular  (im) Routes a 


j ,  hr-I 


Compound sc imc 


Sulfamethoxazole 0.78 1.10 f 0.07 
p-Aminoazobenzene 0.14 0.18 f 0.01 
p-Hydroxyazobenzene 0.090 (0.12 f 0.02)d 0.17 f 0.01 
o- Aminoazotoluene 0.040 0.093 f 0.005 
1-Phenylazo-2-naphthyl- 0.0050 0.0093 f 0.0006 


smine 


Controlled suspension. CO, 5 mg/ml; VO, 0.05 ml. * Estimated by extrapolation 
of data shown in Table IV usin Eq 5 Experimental data (with standard error) 
cited from the previous reportT4). d Experimental value (with standard error). 


parison using five controlled suspensions. To compare a t  the same drug 
concentration (CO) and injection volume ( VO),  the values estimated by 
extrapolation of the data shown in Table IV using Eq. 5 were used for the 
absorption rate constants 0’) in the subcutaneous route. This comparison 
shows that the absorption rate from the subcutaneous route is slower than 
that from the intramuscular route for all the test suspensions. A similar 
tendency was previously observed for injections of drug-oil solutions (5). 
The relationship between j and CO in the subcutaneous route differed 
slightly from that in the intramuscular route (Eqs. 9 and 10). Therefore, 
it should be noted that the difference in j shown in Table V may increase 
with increasing CO. 
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Abstract  0 In dissolution studies of whole and halved 100-mg sus- 
tained-release theophylline tablets, drug release from halved tablets was 
significantly higher. These differences were not reflected in the bio- 
availability studies. The area under the curve (AUC) mean absorption 
time and fraction-of-dose recovered in urine at  24 hr were not significantly 
different following the ingestion of whole or halved 100-mg tablets. The 
elimination rate constant, half-life, volume of distribution, plasma, and 
renal clearance values were consistent with values reported previously. 
Discrepancies were found in the 24-hr metabolite distribution as com- 
pared to literature values and may be accounted for by the age and health 
of the subjects and the frequency of dosing. 


Keyphrases 0 Dissolution-whole and halved sustained-release theo- 
phylline tablets Sustained-release system-dissolution of whole and 
halved theophylline tablets 0 Bioavailability-whole and halved sus- 
tained-release theophylline tablets 0 Theophylline-bioavailability and 
dissolution study of whole and halved sustained-release tablets 


Breaking sustained-release theophylline tablets in half 
is commonly practiced to achieve more accurate milligrams 
per kilogram dosing in children. The extent to which this 
affects dissolution and bioavailability is unknown. 


In this investigation, 100-mg sustained-release theo- 


phylline tablets’ were used to study the effect of halving 
tablets on dissolution and bioavailability. No published 
information about the dissolution of these tablets was 
available. After oral administration of the 100-mg tablet, 
however, 90% of the dose was absorbed within 14 hr and 
almost 100% was absorbed by 28 hr (1). When 300-mg 
tablets were dissolved, 50% of the dose entered solution by 
2 hr and > 90% of the dose entered solution by 6 hr (1). 


EXPERIMENTAL 


Dissolution-The official USP dissolution apparatus was used (2). 
Simulated gastric and intestinal fluids were used as dissolution media 
(2). 


Simulated gastric fluid, USP (Z), was prepared by dissolving 2 g of 
sodium chloride and 3.2 gof pepsin in 7 ml of HCI and diluting the solu- 
tion to 1000 ml with distilled water. This test solution had a pH of 1.2, 


Simulated intestinal fluid, USP (2), was prepared hy diswlv~ng 6.8 g 


Theo-Dur, Astra Pharmaceuticals Canada Ltd.. Mississauya, Canada IAX 
1M4. 
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Table I-Percentage of Theophylline Dissolved of Total from 
100-mg Sustained-Release Tablets 
- 


Gastric, Intestinal, 
Time, 100mg Gastric, 100 mg Intestinal, 


hr  (0.5 tablet)  100 mg (0.5 tablet)  100 mg 


1 33.0c 3.2 21.2t 3.2 36.3 * 4.5 29.1 t 2.3 
2 42.1k 3.7 29.6 f 0.9 45.8t 7.2 37.2t 3.8 
3 49.5 f 4.2 34.0c 1.2 52.7 * 7.4 43.1 t 4.7 
4 54.9 f 4.3 39.4 5 1.7 58.5c 7.8 47.2t 4.9 
5 60.4 t 4.5 43.5 t 1.5 63.3t 8.2 52.3 c 5.5 
6 65.8 f 4.7 46.1 c 2.5 66.7 f 8.6 56.0 c 6.4 
7 70.1 c 7.2 61.0 i 6.6 
8 73.8 2 8.5 64.5 * 6.9 
9 76.8 c 7.6 67.7 2 7.5 
10 
11 
12 
25 


78.6 i 6.5 72.0 f 7.2 
82.3 t 8.4 
84.4 c 6.7 
91.2 t 3.5 


75.2 t 8.6 
78.4 t 7.9 
95.1 t 7.6 


- ~~~~ 


of potassium phosphate (KHJ'04) in 250 ml of distilled water. T o  this 
solution was added 190 ml of 0.2 N sodium hydroxide and 400 ml of dis- 
tilled water. Ten grams of pancreatin were then added and the resulting 
solution adjusted to pH 7.5 f 0.1 with 0.2 N sodium hydroxide. This so- 
lution was diluted to 1000 ml with distilled water. 


The 100-mg sustained-release theophylline tablets, as whole or halved 
tablets, were tested up to six times in each dissolution medium. The 
tablet, or tablet halves, were placed in the gold-plated basket and im- 
mersed in 900 ml of dissolution medium a t  37' in the dissolution appa- 
ratus. The basket was rotated a t  100 f 5 rpm. Samples were withdrawn 
a t  1 ,2 ,3 ,4 ,5 ,  and 6 hr in gastric fluid and a t  1 ,2 ,3 ,4 ,5 ,6 ,  '7,8,9, 10, 11, 
12, and 25 hr in intestinal fluid under sink conditions. 


Bioavailability-Relative bioavailability studies were carried out in 
seven normal adult volunteers, four female and three male, on 2 study 
days, 1 week apart, after informed consent was obtained. Their mean age 
was 30 f 7 yr (range: 21-39 yr) and their mean weight was 72 f 21 kg 
(range: 54-100 kg). As determined by a comprehensive medical history 
they were in excellent health, were nonsmokers, and were not taking any 
medication a t  the time of the study. All volunteers had normal complete 
blood counts and normal screening tests for renal and hepatic func- 
tion. 


All subjects refrained from the ingestion of tea, coffee, chocolate, and 
cola for 48 hr before and during the 2 separate study days. On each study 
day, after an overnight fast with ingestion of no more than 480 ml of 
water, a heparin lock was inserted, a control blood sample was withdrawn, 
and a control urine specimen collected. Each subject received a mean 5.20 
f 0.24 mg/kg (range: 4.9-4.6 mg/kg) dose of theophylline to the nearest 
whole 100-mg sustained-release tablet. Tablets were administered whole 
or halved along with 120 ml of water. Subjects were assigned by random 
choice into St\ldy Group 1 or Study Group 2. Study Group 1 received 
whole tablets the first week and halved tablets the second week. Study 
Group 2 received the halved tablets the first week and whole tablets the 
second week. 


Blood samples were withdrawn a t  0.25,0.5,0.75,1.0, 1.25, 1.5, 2, 3,4, 
6,8,10,12,14,18, and 24 hr. Serum was separated and frozen along with 
an aliquot of accurately measured pooled 24-hr urine until analysis for 
theophylline content could be performed. Subjects ate meals of uniform 
composition 4 and 8 hr after ingestion of the dose. 


Assay Procedure-There are many methods for measuring theo- 
phylline concentrations and these have been adequately reviewed (3). 
Reversed-phase high-pressure liquid chromatography (HPLC) appears 
to be the method of choice and was used in this study2. Although direct 
injection methods are available for both theophylline (4-7) and its me- 
tabolites (8), the chromatograms obtained using these methods were not 
satisfactory. Since theophylline is bound to plasma proteins (9) some of 
these methods only measured unbound drug. The procedures developed 
and used were based on older methods (10) involving extraction. 


Theophylline Extraction Procedure-To 50 p1 of dissolution medium, 
urine, or serum in a 10 X 75-mm test tube was added 50 pl of aqueous 
solution of 6-hydroxyethyltheophylline (15 pg/ml) as internal standard. 
A 25-p1 aliquot of 20% trichloroacetic acid was added and the solution 
was vortexed and centrifuged. The supernate was transferred into a clean 
13 X 100-mm test tube. After buffering with 300 pl of 2.5 M acetate buffer 


The HPLC system consisted of a Model U6K injector, a Model 6000A high- 
pressure pump, and a Model 440 absorbance detector, all from Waters Associates, 
Milford, Mass. A LO mv Omniscrihe recorder from Houston Instrument, Austin, 
Tex. completed the system. 
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HOURS 
Figure 1-Percent theophylline dissolved in simulated intestinal fluid 
versus time, from whole, (0) or halved fm) 100-mg sustained-release 
tablets. 


(pH 6.4) the solution was extracted with 2 ml of chloroform-isopropanol 
(20:l) by vortexing and centrifugation. The aqueous supernate was as- 
pirated and the organic layer evaporated to dryness using low heat and 
a stream of dry nitrogen. The sample was redissolved in 50-100 p1 of 
mobile phase and a 25 pI aliquot was injected directly onto the column. 
Theophylline concentration was calculated from a calibration curve of 
the peak height ratio of theophylline to the internal standard uersus 
concentration. 


Theophylline Metabolite Extraction Procedure-To 200 pl of urine, 
test sample, or standards in solution in urine was added 50 pI of aqueous 
solution of theobromine (150 pg/ml). After buffering with 150 p1 of 2.5 
M acetate buffer (pH 6.4), the solution was extracted with 4 ml of chlo- 
roform-isopropanol(201) by vortexing and centrifugation. 


The supernate was transferred to a clean test tube with a Pasteur pipet, 
and 50 111 was diluted with 200 pl filtered, distilled water to yield a final 
dilution of 1: lO of the urine sample. Exactly 25 pl of the diluted supernate 
was injected into the HPLC. The concentration of 1-methyluric acid was 
calculated from a calibration curve in which absolute peak heights versus 
concentration were plotted. 


The organic layer from the sample was transferred to a clean, dry test 
tube and evaporated to dryness in a water bath at  60" with dry nitrogen. 
The sample was redissolved in 500 pl of mobile phase, and 25 pl was in- 
jected onto the chromatograph. The concentrations of 3-methylxanthine 
and 1,3-dimethyluric acid were calculated from calibration curves con- 
structed by plotting the peak height ratios of the two metabolites to 
theobromine versus concentration of the metabolites. 


HPLC Conditions-A 30-cm X 3.9-mm i.d. stainless steel column? was 
used in all assay procedures. 


The mobile phase for theophylline was 9% acetonitrile in 0.01 M acetate 
buffer (pH 4.0). At a flow rate of 2 ml/min and an operating pressure of 
1500-2000 psi, theophylline and /3-hydroxyethyltheophylline had re- 
tention times of 4.9 and 6.2 min, respectively. 


The mobile phase for 1-methyluric acid was 5% methanol in 0.05 M 
phosphate buffer (pH 4.75). A t  a flow rate of 2.0 ml/min the 1-methyluric 
acid had a retention time of 4.0 min. 


The mobile phase for the other two theophylline metabolites was 1 I% 
methanol in 0.05 M phosphate buffer (pH 4.75). At a flow rate of 2 ml/ 
min, 3-methylxanthine, 1,3-dimethyluric acid, and theobromine had 
retention times of 2.9,4.2, and 5.1 min, respectively. 
~- ~~~ ~ ~ ~ ~ ~ ~ 


7 IJ Bondapak Cia, Waters Associates, Milford, MA 01757 
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Table IV-Theophylline Pharmacokinetics Parameters in Normal Volunteers following the Ingestion of a 5-mg/kg Dose as Whole 
or Halved 100-mg Sustained-Release Tablets 


Elimination Values Volume Plasma Renal 
f rom Log Plot of Distri- Clearance Clearance 


Subject crg/ml/hr hr &, hr-' tl/, I hr (Vd), l / k g  ml/min/kg ml/min/kg 
A UC MAT, bution, (CO, (C$Z), 


Whole Tab- 
A 
B 


112.75 
66.65 
56.82 


147.00 


3.60 
4.21 
4.08 


0.11 
0.18 
0.16 


6.30 
3.85 
4.33 


0.40 
0.46 
0.55 
0.47 


0.74 
1.36 


0.09 
0.17 
0.12 0 


D 
E 
F 
G 
Mean * SD 


1.47 
0.63 4.01 0.20 


0.20 
0.14 
0.08 


0.08 8.66 
0.10 6.93 
0.03 23.10 
0.11 6.30 
0.11 f 8.50 * 
0.05 6.64 


Halved Tablets 


io9.94 
150.16 
115.18 
108.36 f 


35.35 


5.05 
5.91 
6.14 
4.71 i 


.. ~. 


0.47 
1.17 
0.39 
0.56 f 


- . . ~  


0.79 
0.58 
0.71 
0.90 f 
0.36 


0.14 * 
0.05 1.00 0.27 


109.26 3.37 
3.86 
3.35 
3.29 
3.44 


0.13 5.33 
3.47 
3.01 
7.70 


A 0.35 
0.46 
0.55 


0.16 
1.54 
2.10 


0.07 
0.12 B 


C 
D 
E 
F 


-59.23 
39.64 


136.99 
128.47 


~ .- 


0.20 
0.23 
0.09 
0.07 


0.21 
0.21 0.45 


0.58 
0.42 
0.44 
0.46 f 
0.08 


0.68 
9.90 0.67 


0.63 
0.14 
1.02 f 
0.57 


0.22 
0.12 
0.12 
0.15 f 
0.06 


139.91 
111.14 
103.52 f 


39.16 


2.64 
5.28 
3.60 f 


0.09 
0.10 
0.13 .t 


7.70 
6.93 
6.29 ?: 


G 
Mean i SD 


0.82 0.06 2.48 


Serum theophylline concentrations from the seven subjects following 
the administration of a mean theophylline dose of 5.2 mg/kg theophylline 
as whole or halved 100-mg tablets are listed in Table 11. The mean serum 
theophylline concentration versus time plots for the two doses are shown 
in Fig. 2. 


The fractions of the dose of theophylline absorbed ( f )  at each time 
interval for each subject following the dose as whole and halved tablets 
are shown in Table 111. The mean values following each dose versus time 
is shown in Fig. 3. The pharmacokinetic parameters, AUC, MAT, K,, Llp2, 
v d ,  CI1, and CLR for each subject, following both doses, are listed in Table 
IV. The mean percentage of the dose to be absorbed following the in- 
gestion of whole or halved 100-mg tablets versus time is given in Fig. 4. 
The amounts of the dose recovered in 24 hr in the urine as unchanged 
theophylline and the various metabolites are shown in Table V. In Table 
VI the metabolites and theophylline recovery is reported as percentages 
of theophylline equivalents of the 24-hr urine recovery. 


- ~ ~ -- 


300-mg sustained-release tablets, 50% of the dose was reported to be in 
solution by 2 hr and > 90% was in solution by 6 hr. No specifications were 
reported. In the present study, in gastric fluid, 46.1 k 2.5 and 65.8 f 4.7% 
of the dose was in solution a t  6 hr from whole and halved 100-mg tablets, 
respectively (Table I). The stomach mean emptying time for enteric- 
coated tablets has been reported to be 3.61 f 1.47 hr (13); therefore, 
dissolution studies in gastric fluid were stopped a t  6 hr. 


In intestinal fluid, 52.7 f 7.8% of the dose was released in 3 hr by halved 
100-mg tablets, and 52.3 f 5.5% was released in 5 hr by whole 100-mg 
tablets. After 12 hr, 84.4 f 6.7% of the dose was in solution from halved 
tablets and 78.4 f 7.9% of the dose in 10 hr from whole tablets (Table I). 
With the paucity of information available in the literature ( I ) ,  it was not 
possible to compare previously reported results with the results from the 
present study. 


These sustained-release theophylline tablets are reported to release 
theophylline by a zero-order rate, i .e . ,  equivalent to an infusion; therefore, 
plots of percentage released versus time should be linear. It was possible 
to fit a straight line by linear regression ( r  = 0.99) to the terminal portion 
of the percentage released versus time curve. However, the lines did not 
pass through the origin (Fig. 1). From these data it would appear that the 
first portion of any dose is probably released by first-order diffusion. 


DISCUSSION 


The only reference to dissolution data in the literature was from the 
manufacturer as reported by one group of investigators ( 1 ) .  From the 


Table V-Fraction of a 5-mg/kg Dose of Theophylline Excreted as Unchanged Drug or Metabolites in 24 hr following the 
Ingestpion of Whole or Halved 100-mg Sustained-Release Tablets by Normal Volunteers 


Theophylline and  Metabolites, mg/24 h r  


1-Methyl- 3-Methyl- 1,3-Dimethyl- Total Dose 
Subject uric Acid xanthine uric Acid Theophylline Xanthines a Dose Recovered, '7% 


Whole Tablets 
A 71.28 41.33 193.08 38.34 330.94 500 66.19 
B 61.85 36.08 102.72 27.89 228.20 300 76.07 
C 64.32 39.46 131.15 19.34 246.44 300 82.15 
D 30.56 21.39 52.11 47.36 148.84 300 49.33 
E 36.32 23.09 67.26 40.66 163.58 4 0 0  40.90 
F 50.13 31.72 115.12 64.27 254.13 300 84.71 
G 56.08 34.52 204.25 36.76 317.04 500 63.41 


66.11 * 16.47 
Halved Tablets 


A 70.45 39.20 233.53 32.29 358.75 500 71 75 - - -  . -. . - - 
B 51.89 36.39 i87172 22.30 285.36 300 95.12 
C 62.36 37.28 102.38 21.53 218.02 300 72.67 
D 43.05 22.75 46.67 48.36 158.78 300 52.93 
E 30.05 15.56 44.81 43.87 131.77 400 32.94 
F 56.30 33.28 114.16 47.82 244.65 300 8I.55 
G 44.22 25.33 158.68 41.00 269.23 500 51.55 


65.50 i 20.97 


=Calculated as theophylline equivalents on a molar basis. 
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Table VI-Fraction of the 24-hr Urine Content of a 5-mg/kg 
Dose of Theophylline Excreted as Unchanged Drug or 
Metabolites following the Ingestion of Whole or Halved 
1OObmg Sustained-Release Tablets by Normal Voluoteers 


A 
B - 
C 
D 
E 
F 


Distribution of “heophylline 
Metabolites in 24 hr, % 


~ 


1-Methyl- 3-Methyl- 1,3-Dimethyl- Theo- 
Subject uric Acid xanthine uric Acid phylline 


WhoIe Tablets - 
21.42 13.71 53.29 11.59 
26.95 15.81 45.01 12.22 
25.95 17.57 48.62 7.84 
20.42 15.78 31.99 31.82 
22.08 15.49 37.57 24.86 
19.62 13.70 41.39 25.29 


G 
Mean f SD 


A 
B 
C 
D 
E 
F 
G 
Mean t SD 


~~ ~ 


17.59 11.95 58.86 11.60 
22.00 f 14.86 f 45.25 * 17.89 


3.37 1.85 9.23 9.22 


were 8.50 f 6.64 hr for whole tablets and 6.29 f 2.48 hr for halved tablets. 
These values are not significantly different (p = 0.05) and are comparable 
to literature values of 3.6-12.8 hr in normal, healthy adults (16). Subject 
F had an extremely long half-life of 23 hr (Table IV) following ingestion 
of the whole tablets.This is probably not the true half-life, but a value 
distorted by continued absorption from the sustained-release dosage 
form. The half-life in this subject following the halved tablet was 7.70 
hr. 


The apparent volume of distribution for theophylline following in- 
gestion of whole 100-mg tablets was 0.56 f 0.27 litedkg. This was not 
significantly different (p = 0.05) from 0.46 f 0.08 liter/kg obtained from 
the halved 100-mg tablets. Both values were comparable to those reported 
in the literature (16). 


Total body clearance of theophylline was found to be 0.90 f 0.36 and 
1.02 f 0.57 ml/min/kg following ingestion of whole and halved 100-mg 
sustained-release theophylline tablets, respectively. These clearances 
were not significantly different (p = 0.05) from each other or from values 
reported in the literature (16). Renal clearance of theophylline has been 
shown to be dependent upon the urine flow rate (17). However, the values 
found in this study of 0.14 f 0.05 and 0.15 f 0.06 ml/min/kg following 


Halved Tablets the ingestion of whole and halved 100-mg tablets, respectively, were not 
significantly different ( p  = 0.05) from each other or from values previ- 


19.53 11.99 59.48 9.00 ously reported in the literature (17, 18). 
18.08 14.00 60.11 7.82 The quantities of theophylline and its metabolites, 1-methyluric acid, 
28.44 18.77 42.91 9.88 3-methylxanthine, and 1,3-dimethyluric acid, recovered in 24-hr urine 


following ingestion of -5-mg/kg dose as whole or halved 100-mg tablets 26.96 15.66 26.86 30.46 
33*29 are shown in Table V. The metabolite recovery values were converted 22.68 12.96 31.07 
19’55 


to theophylline equivalents and reported along with theophylline as total 
22.89 14.93 42.64 
17.06 10.79 56.25 15.91 
22.23 t 14.16 f 45.62 i 17.99 i xanthines. This permitted the calculation of the percentage of the dose 
4.34 2.63 13.51 10.38 recovered in the urine as unchanged drug and metabolites during the 24 


A fraction of each dose in these tablets is contained in uncoated 
granules. As the tablets do not readily disintegrate, the availability of this 
portion of the dose by pore diffusion would account for the nonlinear 2-3 
hr first-order release of drug. The remaining fraction of the dose is con- 
tained in coated pellets. As the tablet begins to disintegrate and the 
portion of the dose in these pellets is released, the rate of drug availability 
begins to approximate a zero-order infusion release. This ultimately 
causes the terminal portion of the curve to approach linearity as shown 
in Fig. 1. Fractions of the dose released from halved tablets were signif- 
icantly higher than from whole tablets a t  all times (p  < 0.05). This is 
probably due to the increased surface area exposed by breaking the 
tablets. 


In this bioavailability study in normal subjects of whole and halved 
100-mg sustained-release theophylline tablets, relative bioavailability 
was assessed by comparing the areas (time zero to infinity) under the 
serum concentration uersus time curves (A l IC )  (Fig. 2). For halved 
100-mg tablets, the AUC was 103.52 f 39.16 pglmllhr and for whole 
tablets 108.36 f 35.83 pg/ml/hr (Table IV). These were not significantly 
different (p  = 0.05). In addition, although the mean serum theophylline 
concentrations following the ingestion of the halved tablets were nu- 
merically higher than the values obtained for the whole tablets up to 8 
hr, none of the values were significantly different ( p  = 0.05) (Table 
11). 


The fraction of the dose absorbed a t  any time ( f )  was calculated using 
Eq. 3. All subjects absorbed 50% of the dose from either whole or halved 
100-mg sustained-release tablets in the 3-4 hr period (Table 111, Fig. 3). 
Except for subject F, following the ingestion of the whole tablets, all other 
subjects absorbed 90-100% of the dose in the 8-12 hr period. This is 
consistent with previous reports (1). 


The mean percentage of the dose remaining to be absorbed uersus time 
is shown in Fig. 4. The initial portion of the graph is linear. These results 
can be used to confirm the results of dissolution data that there is ap- 
parent zero-order release of theophylline from these tablets. The terminal 
nonlinear portion of the curve is probably due to the fact that the fraction 
absorbed calculated using Eq. 3 is approaching the asymptote. Theo- 
phylline absorption is rapid and complete once the drug is in solution 
(14). 


The mean absorption times (MAT) calculated from Eq. 5 are shown 
in Table IV. The average MAT of 3.60 f 0.82 hr following ingestion of 
the halved tablet was not significantly different (p = 0.05) from the value 
of 4.71 f 1.00 hr obtained from the whole tablets. In addition, these values 
are not significantly different (p = 0.05) from previously reported values 
(15) of 5.67 f 1.40 and 4.20 f 1.48 hr following the ingestion of whole and 
halved 300-mg sustained-release tablets, respectively. 


The mean theophylline elimination half-life values in these seven 
subjects following ingestion of these 100-mg sustained-release tablets 


hr period. Mean recoveries of 66.11 f 16.47 and 65.50 f 20.97% following 
ingestion of whole and halved tablets, respectively, were not significantly 
different (p = 0.05). 


The distribution of the various metabolites following the whole or 
halved tablet doses (Table VI) were not significantly different (p = 0.05). 
This is not surprising since the other parameters such as AUC, MAT, K,, 
t l l z ,  v d ,  C1 and C ~ R  were not significantly affected by halving the tablets. 
However, when compared to other values in the literature, some differ- 
ences were observed. In a study where 15 older patients were given sus- 
tained-release tablets (19), theophylline recovery was 7.7 f 6.1%, whereas 
in the present study 17.89 f 9.27% was found. The recovery of 3- 
methylxanthine (19) was 36.2 f 7.3%, while only 14.86 f 1.85% was re- 
covered in this study. The recoveries of 16.5 f 3.3% and 39.6 f 4.5% for 
1-methyluric acid and 1,3-dimethyluric acid, respectively (19), were not 
significantly different (p  = 0.05) from the present study. 


In the previously reported study (19), middle-aged to elderly patients 
were used, whereas the present study used healthy, young subjects. The 
older patients were a t  steady state and 116 f 36% of the 24-hr dose was 
recovered in the urine. The younger subjects only received a single dose 
and only 66.11 f 47% of the dose was recovered in the 24-hr urine. These 
differences may account for the discrepancies. 


In summary the theophylline elimination parameters such as half-life 
( t ~ / z ) ,  elimination rate constant ( K c ) ,  apparent volume of distribution 
(vd), clearance ( C l ) ,  and renal clearance ( C ~ R )  were not significantly 
different from literature values obtained in similar subjects. The me- 
tabolite excretion pattern differed from that previously reported but the 
differences in subject age and in the dosage regimen may have accounted 
for these discrepancies. In conclusion, halving the sustained-release 
100-mg theophylline tablets to achieve more accurate mgkg doses should 
not affect drug therapy in patients. 
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Abstract 0 A rapid liquid chromatographic procedure has been vali- 
dated for the determination of salicylic acid, salsalate, acetylsalicylsali- 
cylic acid, and acetylsalicylic anhydride in aspirin. Samples are dissolved 
in methylene chloride and analyzed directly by adsorption chromatog- 
raphy in a 7-min separation using an isocratic mobile phase. Recoveries 
averaged 99% over a 200-10,OOO ppm concentration range with standard 
deviations of <4% for the four compounds of interest. Detection limits 
ranged from 5 to 36 ppm. Compared to a recently published reversed- 
phase liquid chromatographic procedure for analyzing aspirin, this 
method is twice as fast, more sensitive, and avoids the use of hydroxylic 
solvents which lead to degradation of aspirin and acetylsalicylic anhy- 
dride. 


Keyphrases Aspirin-determination of salicylic acid and related 
compounds by liquid chromatography Liquid chromatography- 
determination of salicylic acid and related compounds in aspirin 0 Sal- 
icylic acid-determination in aspirin by liquid chromatography, related 
compounds 


Several recent papers (1-5) have discussed the possible 
immunological response to the presence of low levels of 
related compounds in aspirin. Methods, too numerous to 
discuss, employing gas chromatography, spectrophotom- 
etry, liquid chromatography, e tc . ,  have been published 
describing the determination of salicylic acid (I), salsalate 
(11), acetylsalicylic anhydride (III), and acetylsalicylsali- 
cylic acid (IV) in aspirin. Liquid chromatography (LC) 
appears to be the most useful approach with respect to 
specificity, speed, and sensitivity. Various LC methods 
have appeared in the literature employing adsorption, 
polar bonded phase, as well as reversed-phase column 
packings. 


After considering the various LC methods, it appeared 
that the methods employing adsorption chromatography 
are most appropriate for the determination of related 
compounds in aspirin on a routine basis. Reversed-phase 
methods are not desirable because I11 and aspirin are not 
stable in the mixed aqueous-organic eluents used in that 


0 0 


111 
0 


I 
0 


OCCH, & 
Iv I1 


form of LC (5). In addition, the selectivity of the re- 
versed-phase system is such that I elutes from the column 
immediately following aspirin and a poor detection limit 
is found for I because the larger aspirin peak tails into the 
peak for I. This difficulty can be avoided by using fluo- 
rescence detection (6) to selectively detect I, but this re- 
quires the use of dual detectors which increases the cost 
and complexity of the LC system. 


Several normal-phase LC systems have been published 
for these analyses. A silica gel support containing per- 
chloric acid as a stationary phase for the determination of 
I, 111, and IV in aspirin has been used (7). In another study 
(8) a polar bonded phase’ column has been used for the 
separation of 11,111, IV, and other compounds. However, 
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EDITORIAL 


Renewed Attention Regarding Drug Stability 


An interview with an aeronautical engineer was recently 
published in a general circulation magazine. What made 
the interview unusual was the subject matter: namely, 
lighter-than-air vehicles, otherwise known as dirigibles, 
zeppelins, or just plain “balloons.” 


The engineer brought out the usefulness of such aircraft 
to harvest logs out of dense forests, to deliver construction 
materials to otherwise inaccessible sites such as mountain 
tops, to bring heavy beams or piers into place in con- 
structing bridges or tall buildings, and an assortment of 
other such uses. But he also lamented the fact that the 
entire field of lighter-than-air craft has been virtually ig- 
nored for the past 40 years as the appeal and glamour of 
air travel has moved, in turn, from propeller planes, to jet 
aircraft, to rockets, and to space vehicles. 


All of this is just human nature; people’s attention and 
interest are naturally drawn to the new, the exciting, the 
complex. Thirty years ago, we used the “times tables” to 
perform our simple multiplications; 20 years ago, we used 
a slide rule for this purpose; 10 years ago, we were using 
pocket calculators; today, we have small computers to do 
the job for us. 


In light of this trend, it is not surprising that the phar- 
maceutical research community has shown less interest in 
the chemical and physical stability of drug substances and 
of drug products than in bioavailability, pharmacokinetics, 
drug metabolism, bioequivalence, and the other new and 
more glamorous areas of research. These latter areas have 
captured the drug researchers’ fancy and have been ac- 
corded the lion’s share of interest for a t  least the past 10 
to 15 years. 


But just as in the case of lighter-than-air vehicles, there 
is much to be learned concerning drug stability, as well as 
much to be done in the way of potentially important ap- 
plications of that knowledge. 


We were particularly reminded of this situation when 
we reviewed a document issued by the World Health Or- 
ganization in late Summer 1981. The paper was entitled, 
“Stability of Pharmaceutical Substances and Simple 
Methods of Detecting Their Degradation,” and it was 
prepared by Dr. M. Perez of the Analytical Laboratories 
of Roussel-Uclaf in Romainville, France. 


The paper is the second in a series and details the results 
of a stability survey conducted on an additional 132 
pharmaceutical substances. The practical significance of 
such research was indicative in the finding that 59 of the 
substances in this latest study were determined to be de- 
gradable under the conditions employed, while the re- 


maining 73 substances were judged to be stable under the 
standardized adverse conditions utilized, 


Even more recently, we have read announcements or 
reports that indicate a renewed interest in drug stability 
on -the part of several pharmaceutical groups in this 
country. 


For example, in October 1981, the United States Phar- 
macopeia, the American Society of Hospital Pharmacists, 
and the Food and Drug Administration jointly announced 
that they would be proceeding to undertake a “program 
to learn more about the shelf-life stability of drugs under 
actual market conditions.” The program is to be titled 
“The Drug Stability Testing Program,” and it is based on 
the success of a pilot stability study conducted on digoxin 
tablets during the preceding year. The results of the latter 
study, and a description of the study procedure, were 
published in the December 1981 issue of the American 
Journal of Hospital Pharmacy. 


In November 1981, the Extension Services in Pharmacy 
at  the University of Wisconsin announced that their an- 
nual Industrial Pharmacy Management Conference, to be 
presented in late March 1982, would be devoted to the 
theme “Dating of Pharmaceuticals, Update 1982.” This 
conference will attempt to examine and review all that has 
happened on this subject since it was initially addressed 
as the theme of the first Wisconsin conference when this 
pharmacy management series was launched in 1969. 


Finally, in December 1981, the American College of 
Apothecaries adopted a resolution titled “Uniform Expi- 
ration Dating for Pharmaceuticals.” The body of the res- 
olution lends support to the proposal for nationwide uni- 
form dating as a part of FDA’s Good Manufacturing 
Practices regulations-all of this out of recognition of the 
variable stability among drugs and the importance of 
stability information in ensuring quality pharmaceuticals 
for the patient. 


None of these individual actions or programs is partic- 
ularly dramatic. Indeed, some of them are not even new. 


Nevertheless, they are significant because they address 
an important subject that has been largely neglected in 
recent years. Consequently, we applaud such efforts. 
Moreover, we encourage all within the pharmaceutical 
community to give their moral and professional support 
to these and to similar efforts directed a t  (a) elucidating 
more information concerning drug stability and instability 
and (b) the application of this information for the benefit 
of patients and those practitioners who serve them. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


Washington DC, 20037 
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Abstract 0 A rapid liquid chromatographic procedure has been vali- 
dated for the determination of salicylic acid, salsalate, acetylsalicylsali- 
cylic acid, and acetylsalicylic anhydride in aspirin. Samples are dissolved 
in methylene chloride and analyzed directly by adsorption chromatog- 
raphy in a 7-min separation using an isocratic mobile phase. Recoveries 
averaged 99% over a 200-10,OOO ppm concentration range with standard 
deviations of <4% for the four compounds of interest. Detection limits 
ranged from 5 to 36 ppm. Compared to a recently published reversed- 
phase liquid chromatographic procedure for analyzing aspirin, this 
method is twice as fast, more sensitive, and avoids the use of hydroxylic 
solvents which lead to degradation of aspirin and acetylsalicylic anhy- 
dride. 


Keyphrases Aspirin-determination of salicylic acid and related 
compounds by liquid chromatography Liquid chromatography- 
determination of salicylic acid and related compounds in aspirin 0 Sal- 
icylic acid-determination in aspirin by liquid chromatography, related 
compounds 


Several recent papers (1-5) have discussed the possible 
immunological response to the presence of low levels of 
related compounds in aspirin. Methods, too numerous to 
discuss, employing gas chromatography, spectrophotom- 
etry, liquid chromatography, e tc . ,  have been published 
describing the determination of salicylic acid (I), salsalate 
(11), acetylsalicylic anhydride (III), and acetylsalicylsali- 
cylic acid (IV) in aspirin. Liquid chromatography (LC) 
appears to be the most useful approach with respect to 
specificity, speed, and sensitivity. Various LC methods 
have appeared in the literature employing adsorption, 
polar bonded phase, as well as reversed-phase column 
packings. 


After considering the various LC methods, it appeared 
that the methods employing adsorption chromatography 
are most appropriate for the determination of related 
compounds in aspirin on a routine basis. Reversed-phase 
methods are not desirable because I11 and aspirin are not 
stable in the mixed aqueous-organic eluents used in that 


0 0 


111 
0 


I 
0 


OCCH, & 
Iv I1 


form of LC (5). In addition, the selectivity of the re- 
versed-phase system is such that I elutes from the column 
immediately following aspirin and a poor detection limit 
is found for I because the larger aspirin peak tails into the 
peak for I. This difficulty can be avoided by using fluo- 
rescence detection (6) to selectively detect I, but this re- 
quires the use of dual detectors which increases the cost 
and complexity of the LC system. 


Several normal-phase LC systems have been published 
for these analyses. A silica gel support containing per- 
chloric acid as a stationary phase for the determination of 
I, 111, and IV in aspirin has been used (7). In another study 
(8) a polar bonded phase’ column has been used for the 
separation of 11,111, IV, and other compounds. However, 
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Table I-Recovery Data for Related Compounds 


Percent Recovery 
Level Spiked I I1 I11 IV 


10,000 ppm 
10,000 ppm 
5,000 ppm 
5,000 ppm 
1,000 ppm 
1.000 ppm 


500 ppm 
500 ppm 
200 ppm 
200 ppm 
200 ppm 
Average 


SD 


100.9 
98.7 


100.0 
101.0 
98.8 
96.6 


103.1 
100.0 
93.8 


104.2 
108.4 
100.5 


3.87 


96.8 
95.1 
96.6 
97.5 
98.2 
98.5 


101.1 
102.1 
99.5 


106.4 
105.9 
99.79 
3.72 


95.9 
96.1 
95.5 
96.2 
95.2 
97.7 
98.2 
96.6 
90.2 


106.3 
101.0 
97.17 
3.98 


98.3 
98.7 
98.8 
96.8 
98.8 
98.4 
98.2 
96.3 
94.1 
98.3 


108.4 
98.65 
3.53 


the separation on silica gel described previously (9) appears 
to be the most practical for use on a routine basis, and 
modification of this approach was used in this current 
work. 


EXPERIMENTAL 


Reagents-Hexane, chloroform, and methylene chloride of dis- 
tilled-in-glass quality were used2r3. Glacial acetic acid of reagent grade4 
and 2,2-dimethoxypropane (98%)5 were used as purchased. 


Standards-Salicylic acid6, salsalate7, and acetylsalicylic anhydridea 
were used as purchased. The acetylsalicylsalicylic acid was synthesizedg 
and characterized utilizing spectroscopic and chromatographic tech- 
niques to confirm its identity and purity. 


A standard solution containing I, 11,111, and IV was accurately prepared 
by weight in methylene chloride with each component at  -800 pg/ml. 
This concentrated standard solution was accurately diluted to yield a 
standard at the -4O-pg/ml level, and was used to calibrate the LC system. 
It was observed that the standard solutions were somewhat unstable and, 
therefore, all standards were prepared fresh whenever the system was 
recalibrated. 


- 
L 


0 
L l  1 
1 2 3  


I 
I- I 


U MINUTES 


Figure I-Analysis ofspiked aspirin. Column, 4.6 X 150 m m ,  Zorbar- 
SIL; f low rate, 3.0 rnllmin; injection, 10 pl; detector, 0.016 Q U ~ S  a t  254 
nm; mobile phase, hexane-chloroform-acetic acid (80:19:3). 


* Burdick and Jackson Laboratories, Inc.. Muskegon, Mich. 
MCB Manufacturing Chemists, Inc., Cincinnati, Ohio. 
J. T. Baker Co., Phillipsburg. N.J. 
Aldrich Chemical Co., Milwaukee, Wis. 
United States Pharmacopeial Convention, Inc., Rockville, Md. 
Pfaltz & Bauer, Inc., Stamford, Conn. 


Dow Chemical Co. 
8Tridom Chemical, Inc., Hauppauge, N.Y. 


Apparatus-The liquid chromatograph was a modular system con- 
sisting of a pumplo, sample injection valve", and a single wavelength (254 
nm) UV detector1*. A computing integrator'3 was used for measuring 
peak areas and calculating results of analyses. 


The microparticulate silica gel column14 (4.6 X 150 mm) was purchased 
prepacked from the supplier. Prior to use, the column was activated using 
2,2-dimethoxypropane (10). Ten column volumes of a solution consisting 
of methylene chloride-acetic acid-2,2-dimethoxypropane, 962:2 (v/v/v) 
were pumped through the column at a flow rate of 3.0 ml/min to condition 
and activate the packing. The column was then equilibrated by pumping 
mobile phase, hexane-chloroform-acetic acid, 8019:3 (v/v/v), at  a flow 
rate of 3.0 ml/min until a flat base line was obtained, -15 min. The spe- 
cific LC conditions used for the analysis were: mobile phase-hexane- 
chloroform-acetic acid, 8019:3 (v/v/v); temperature ambient; detector 
wavelength, 254 nm, 0.016 aufs; injection, 10 pl. 


Sample Preparation-Samples of aspirin crystals were dissolved in 
methylene chloride (20 mg/ml) and analyzed directly by LC. The sample 
solutions were injected as soon as dissolution had occurred because it was 
observed that aspirin hydrolyzed to I in methylene chloride solution. 
Therefore, artificially high results were obtained for I unless sample so- 
lutions were analyzed immediately. 


Samples of aspirin tablets were finely ground and dissolved in meth- 
ylene chloride (20 mg/ml). The resulting solutions were rapidly filtered15 
to remove insoluble materials, and the clear filtrate was immediately 
analyzed by LC. This entire dissolution-filtering operation was completed 
in less than 2 min to minimize formation of I. 


RESULTS AND DISCUSSION 
Validation-A typical chromatogram of a spiked aspirin sample is 


shown in Fig. 1. The linearity of the LC system was demonstrated by 


Mtr A 


I 


Mlr B 


I V  


h 


vlfr c 


Figure %-Comparison of aspirin crystals. Same conditions as Fig. I .  


Model M-45, Waters Associates, Milford, Mass. 
Model 7125, Rheodyne, Inc., Berkeley, Calif. 
Model 1203, Laboratory Data Control, Riviera Beach, Fla. 


l3 System I, Spectra Physics, Santa Clara, Calif. 
l4 Zorbax SIL, 6p, DuPont Co., Wilmington, Del. 
l5 0.45 p Fluropore Filter, Sample Clarification Kit, Waters Associates, Milford, 


Mass. 
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Table 11-Precision Study for  Analysis of Asairin Table IV-Retention Times of Aspirin-Related Compounds 


Compound 
Component I I1 111 IV 


Day 1 103" 
105 
101 
103 
99 ~~ 


Day 2 112 
101 
103 
98 


106 
Average 103.1 


SD 3.98 


195 758 1455 
188 750 1421 
179 702 1388 
179 701 1348 
181 722 i394 
171 678 1309 
173 695 1361 
179 699 1363 
177 706 1386 
179 701 1356 
180.1 711.2 1378.1 


6.93 13.86 40.6 


Measured in parts per million. 


Table 111-Detection Limits for Asoirin-Related Comoounds 


Compound Peak Area, ppm Peak Height, ppm 


I 14 15 
I1 5 6 
I11 6 19 
IV 11 36 


chromatographing a series of standard solutions containing varying levels 
of the four compounds of interest. Plots of peak area against concentra- 
tion yield straight lines going through the origin for up to the equivalent 
of 1% of each of the related compounds in the samples. The peak height 
response was also linear up to 1200 ppm a t  0.016 aufs. 


For the recovery study, a sample of aspirin was analyzed in triplicate 
using the external standard technique to determine the native levels of 
the related compounds. Recovery data were generated by spiking the 
control sample a t  levels in a 200-10,000 ppm range with the components 
of interest and analyzing those components by the external standard 
technique. The results were corrected for native levels of each component 
before calculating the recovery values. The results are summarized in 
Table I. The data demonstrated that relative standard deviations of 4% 
were obtained for the four compounds of interest. 


Precision data were generated by analyzing a single sample of aspirin 
5 times on each of two consecutive days. The results are summarized in 
Table 11. The precision obtained would have been predicted from the 
recovery study, further demonstrating the validity of the method. 


The detection limits of the method for the four components of interest 
for both peak area and peak height are summarized in Table 111. The 
minimum detectable quantity was defined as a peak <2.5 times the 
short-term peak-to-peak baseline noise. The retention times for several 
other aspirin related compounds on this LC system are listed in Table 


I V  


- I ,  I 


2 4 6 8  ' 1 MINUTES 
Figure 3-Analysis of Aspwin Tablet. Same conditions as Fig. 1 


Compound 
~ 


Retention Time, min 
~~ 


Salicylic Acid 1.6 
Salsalate 2.2 
p-Acetoxybenzoic Acid 2.5 
Acetylsalicylic Acid 3.6 
Acetylsalicylic Anhydride 5.2 
p-Hydroxyisophthalic Acid 6.3 
Acetylsalicylsalicylic Acid 6.7 
p-Acetoxyisophthalic Acid 13.0 
p-Hydroxybenzoic Acid 15.5 


Table  V-Analysis of Bulk Asoirin 


Manufacturer I I1 111 TV 


A 1900 16 81 230 
B 260 100 N D h  2000 
C 160 16 110 190 


Measured in parts per million. * Not detected at  a detection limit of 6 pprn. 


Table VI-Analysis of Aspirin Tablets 


Brand I I1 111 IV 


A 640a 650 ND 4300 
B 440 650 ND 4800 
C 240 ND' ND 650 
D 460 690 ND 4400 
E 330 20 ND 530 
F 540 700 ND 4500 


Measured in parts per million. Not detected a t  a detection limit of 6 ppm. 
Not detected at  a detection limit of 5 ppm. 


IV. Chromatograms of typical bulk aspirin samples are shown in Fig. 2; 
results are summarized in Table V. 


Mobile Phase-During this investigation, it was found that the aspirin 
separation was somewhat dependent on the particular brand of chloro- 
form used. Various suppliers use different preservatives to inhibit deg- 
radation, and i t  was found in particular that  ethanol used as a preserva- 
tive had a significant effect on retention times. 


The separation between 111 and aspirin is most critically affected. Using 
a ratio of hexane-chloroform-acetic acid of 80:19:3 (v/v/v), with a non- 
polar hydrocarbon stabilizer in the chloroform, the relative retention of 
111 to aspirin was 1.59. With 80:19:3 and 1% ethanol in the chloroform, 
the relative retention was 1.36. Thus, when ethanol is used as a preser- 
vative in chloroform, the relative amount of chloroform in the mobile 
phase should be reduced to adequately resolve I11 and aspirin. 


Analysis of Tablets-While this method was developed and validated 
for the specific determination of related compounds in bulk aspirin, it 
is also applicable to the analysis of aspirin tablets. A complicating factor 
in the analysis of tablets is the presence of starch and other insoluble 
excipients in the sample matrix which must be removed prior to the LC 
separation. However, this was readily accomplished uia filtration using 
the filter described previously. A small, 4.6 X 50-mm guard column 
packed with pellicular silica g e P  was used to protect the analytical col- 
umn when analyzing tablets. 


The method was not formally validated for the analysis of tablets. 
However, the LC separation was evaluated for this application by ana- 
lyzing six commercial brands of tablets. A typical chromatogram is shown 
in Fig. 3 and the results are summarized in Table VI. I t  is interesting to 
note that no I11 was detected in any of the samples analyzed. At this time, 
it is not known whether these particular brands were formulated from 
bulk aspirin not containing 111, or if I11 is not stable in the starch matrix 
since the starch may contain up to 14% water. 


CONCLUSIONS 


A new, rapid method has been validated for the determination of re- 
lated compounds in bulk aspirin. Recoveries averaged 99% with a stan- 
dard deviation of <4% for the four compounds of interest over a 200- 
10,000 ppm concentration range. For a single determination, results may 
be expected to be <7.7% relative error a t  the 95% confidence level. 


This method has three significant advantages compared to the re- 


l6 Corasil 11. Waters Associates. Milford. Mass 
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versed-phase LC procedure recently published by the United States Food 
and Drug Administration (11,12). In addition to being twice as fast, the 
selectivity of the adsorption LC system is such that I and I1 elute prior 
to aspirin, permitting a low limit of detection for I. The normal phase LC 
method avoids the use of hydroxylic solvents, which lead to degradation 
of aspirin and 111 preventing accurate determination of I11 by reversed- 
phase LC. This method uses an inexpensive fixed wavelength (254 nm) 
UV detector and has a lower limit of detection than any previously 
published normal phase LC procedure. 
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Abstract Progesterone and testosterone are natural soft drugs, hut 
to be used as drugs, their fast and facile metabolism must he prevented 
and their delivery controlled. A prodrug-soft drug combination can serve 
this purpose. Thiazolidines of testosterone, testosterone 17-propionate 
and progesterone were synthesized from the reaction of cysteine alkyl 
esters, N-methylaminoethanethiol, and mercaptamine and their hy- 
drochlorides with the appropriate steroids. The thiazolidines function 
as bioreversible derivatives of the parent steroids. 


Keyphrases Soft drugs-thiazolidine-type derivatives of progesterone 
and testosterone 0 Prodrugs-thiazolidine-type derivatives of proges- 
terone and testosterone 0 Progesterone-thiazolidine-type derivatives, 
prodrugs 0 Testosterone-thiazolidine-type derivatives, prodrugs 


~ ~ 


Oral contraception is accomplished currently by prod- 
ucts containing synthetic hormones, mostly as fixed 
combinations of synthetic estrogens and progestins (1). 
The contraceptive action of these products is mediated 
primarily by inhibition of ovulation through specific 
macromolecular receptors for each hormone. It is clear that 
if the natural hormones, e .g . ,  progesterone and estradiol, 
were delivered to the receptors, they would elicit the same 
contraceptive effect as the synthetic analogs. The advan- 
tage of this method is that the natural hormone might 
decrease or eliminate the side effects accompanying syn- 
thetic contraceptive agents. Some of these side effects are 
the result of oxidative metabolism (2), such as the one in- 
volving the 17a-ethinyl group in norethindrone (17p- 
hydroxy-19-nor-17a-pregn-4-en-20-yn-3-one) or norges- 
trel (13-ethyl-17~-hydroxy-18,19-dinor-l7a-pregn-4- 
en-20-yn-3-one), which leads to destruction of cytochrome 
P-450 (3). 


Natural hormones such as progesterone, estradiol, and 
testosterone are natural soft drugs (4, 5); that is, due to 
their efficient and nontoxic metabolic disposition, they will 
not cause unexpected toxicity at  concentrations close to 
their natural levels. On the other hand, natural hormones 
administered as drugs suffer from low physiological 


availability because, as natural substances, the body has 
developed efficient mechanisms for their metabolism and 
excretion. For example, the a,P-unsaturated ketone and 
the 20-ketone in progesterone are reduced in the liver to 
give pregnane-3a,20-diol, which can then be conjugated 
and excreted (1). In addition, the natural hormones are 
virtually insoluble in water which precludes their efficient 
dissolution and absorption from most formulations. Thus, 
to utilize progesterone as a contraceptive drug component, 
solutions to the problems of slow dissolution (water solu- 
bility) and rapid metabolism must be found. 


In the case of hydrocortisone (4), the preferred approach 
to solving the described problems is through chemical 
modification, i . e . ,  a prodrug. However, progesterone is a 
difficult candidate for such an approach because the only 
functional groups available for reversible modification are 
the 3- and 20-ketones. Therefore, an extension of the 
spirothiazolidine approach (4) seemed the most attractive, 
as thiazolidines are unique examples of a bioreversible 
steroidal ketone derivative. The spontaneous s N 1  cleavage 
of the thiazolidine (6) to a 0-thioethylene imine is followed 
by hydrolysis of the imine [possibly through a hydra- 
tion-disassociation mechanism (7)] to regenerate the 
parent carbonyl compound (4). In addition to their po- 
tential bioreversibility, thiazolidines were attractive as 
prodrugs because they could be prepared from cysteine. 
Consequently, the hydrolysis products (steroid and cys- 
teine) of the prodrugs would not present any unusual 
metabolic burden to the body. The carboxylic group of 
cysteine could also be easily esterified, thus providing a 
convenient method for changing the lipophilicitylhydro- 
philicity of the derivatives. In addition to progesterone, 
testosterone thiazolidines were also investigated’. 


Part 4 of this series (N. Bodor, K. B. Sloan, R. d .  Little, S. H. Selk, and L. Caldwell, 
Int. J .  Phorrn; in press). 
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using a previous procedure (6) and Table I1 lists their physical and 
chemical data. 


In agreement with the proposed structures, the NMR data exhibited 
the common absorption peaks (dimethyl sulfoxide-d6, tetramethylsilane 
internal standard): 6 1.10-1.20 (t, 3H, CCH3), 1.9C2.00 (s, 3H, COCH3), 
3.65-3.85 (s,2H, aryl CHzC), 4.10-4.20 (q,2H, OCHzC), and 6.80-7.30 
(m,4H, aromatic) ppm. The spectra of XI1 and XI11 showed a singlet a t  
6 3.60 ppm that integrated for 5 protons (aryl CHz and aryl OCH3). 


Aryl-substituted 5 4  1-Amino-2-phenylethy1)tetrazoles XV- 
XXI1)-Compounds XV-XX and XXII were prepared by a previously 
reported method (6). Compound XXI was prepared by modification of 
a previously reported method (9). A mixture of compound XX (3.0 g, 
0.014 mole) in 48% hydrogen bromide (50 ml) was heated at  reflux under 
nitrogen for 4 hr. The mixture was concentrated under reduced pressure. 
The residue was dissolved in distilled water and the pH was adjusted to 
7 with concentrated ammonium hydroxide. After standing a t  room 
temperature for 12 hr, the product was filtered, air dried, and recrystal- 
lized from N,N-dimethylformamide, 2.2 g (76.6%), mp 290’ dec. Table 
I11 contains physical and chemical data for XV-XXII. 


Assignments of the common NMR absorption peaks are (10% sodium 
deuteroxide): 6 2.95-3.10 (m, 2H, aryl CH2), 4.30-4.50 (m, lH,  CCH), and 
6.70-7.20 (m, 4H, aromatic) ppm. There was an additional absorption 
peak for XIX and XX at 6 3.40 (s, 3H, aryl OCHj) ppm. 


Anticancer Screening-The tetrazole analogs of substituted phen- 
ylalanines were screened for anticancer activity2 using P-388 lymphocytic 
leukemia cells in mice of either sex. On day zero, mice were inoculated 
intraperitoneally with 106 leukemic cells. Twenty-four hours later, a test 


2 Developmental Therapeutics Program, Division of Cancer Treatment, National 
Cancer Institute, Silver Spring, MD 20910. 


compound was administered intraperitoneally once daily for the first 9 
days or in three injections on every 4th day (XVI, XXIII). The test results 
were recorded on the 30th day. 


RESULTS AND DISCUSSIONS 


All compounds were tested for antileukemic activity at doses of 25,50, 
100, and 200 mg/kg (some in triplicate). For compounds XVI, XVIII, and 
XIX, the T/C% was near or greater than 125. For all other compounds, 
the T/C% was < 125 (all mice died when compounds XX and XXIII were 
administered at  200 mg/kg). Compounds XVI, XVIII, and XIX were 
retested a t  400 mg/kg (in duplicate) and exhibited a T/C% < 125. None 
of the compounds exhibited significant antileukemic activity. 
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Abstract 0 Pilocarpine, isopilocarpine, pilocarpic acid, and isopilocarpic 
acid can be measured effectively by high-performance liquid chroma- 
tography (HPLC). Previous reports have differed on the degree of con- 
tamination of commercial pilocarpine preparations with isopilocarpine 
and pilocarpic acid. This report describes a study of commercial pilo- 
carpine in which no significant contamination was found. 


Keyphrases 0 Pilocarpine-analysis of commercial preparations by 
high-performance liquid chromatography 0 High-performance liquid 
chromatography-analysis of commercial pilocarpine Ocular 
agents-pilocarpine, analysis by high-performance liquid chromatog- 
raphy 


Several assays have been reported for pilocarpine, iso- 
pilocarpine, pilocarpic acid, and isopilocarpic acid using 
high-pressure liquid chromatography (HPLC) (14). The 
earliest of these reports includes the results of a study done 
on commercial pilocarpine samples, which showed that in 
one case, contamination with isopilocarpine was as high 
as 25% (1). An effort to corroborate this study failed, due 
to technical difficulties (2). Modifications of the original 
HPLC method were used in a recent study of commercial 
pilocarpine preparations and no significant contamination 
with the isopilocarpine isomer or the degradation products, 
pilocarpic acid or isopilocarpic acid, was found (5). The 
present report describes a similar study. 


EXPERIMENTAL 


Each locally available commercial pilocarpine preparation was ob- 
tained through prescription from a retail pharmacy. Letters were sent 
to all other manufacturers’ of pilocarpine asking for a 1% sample of their 
product to be used for animal experimentation. Nine fresh samples of 
pilocarpine were obtained. Each sample was diluted with HPLC grade 
water to a concentration of 0.10%. Pilocarpine hydrochloride2 and iso- 
pilocarpine hydrochloride3 standards were obtained commercially in 
powder form. Pilocarpic acid and isopilocarpic acid were prepared by the 
hydrolysis of pilocarpine and isopilocarpine in 0.1 N NaOH, respectively. 
These were diluted to make 0.10% standard solutions. 


The mobile phase was prepared by dissolving 50 g of monobasic po- 
tassium phosphate in a solution of 900 ml of water and 30 ml of methanol. 
The solution pH was adjusted to 2.5 with 85% phosphoric acid, and the 
total volume was brought to 1 liter with water. Separation was achieved 
by isocratic reversed-phase chromatography* on an RP-C18 lOpm col- 
umn5, (flow rate 1.5 ml/min) at  ambient temperature. Detection was by 
optical absorbance at  216 nm6. Peak heights of standard preparations 
were compared with peak heights of the unknown commercial prepara- 


Listed in the “Pharmaceutical Drug Topic Redbook” (6) as of January 1979. 
Mallinckrodt, St. Louis, Mo. 
Aldrich, Milwaukee, Wis. 
Model 310 high-performance liquid chromatograph, Altex Scientific, Berkeley, 


Lichrosorb RP-C18 (10 p n )  in 4.6 X 250-mm column, Altex Scientific, Berkeley, 


Model 785 variable-wavelength detector, Micromeritics Instrument Corp., 


Calif. 


Calif. 


Norcross, Va. 
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Table I-Commercial Pilocarpine Samples (1  70) Compared with 
a Fresh Pilocarpine Standard 


Percent of Labeled Percent 
Amount of Pilocarpine Isopilocarpine 


Sample Actually Found Found 


4 
5 


9 


100 
99 


100 
95 


101 
105 
104 
102 
98 


1.1 
2.6 
5.5 
5.7 
4.9 
4.0 
1.1 
0.9 
- 


tions. There was slight peak tailing; the minimum amount of isopilo- 
carpine detectable in the presence of pilocarpine was 1 part in 100. 


RESULTS AND DISCUSSION 


Isopilocarpine eluted first a t  -10 min followed by pilocarpine, pilo- 
carpic acid, and isopilocarpic acid. The entire process was complete in 
20 min. The concentration of pilocarpine found by HPLC analysis was 
within 5% of the concentration stated by the manufacturer on the label 
in all cases. The amount of isopilocarpine present ranged from 0.0 to 5.7% 
of the pilocarpine present (Table I). Pilocarpic acid or isopilocarpic acid 
were not found in significant quantities in any sample. These results agree 
with a recent study (5) and are in contrast to another report (1). 


There are several possible explanations for the disagreement between 
this study and the earlier study (1). The official USP method for deter- 
mining the purity of pilocarpine preparations a t  the time of the previous 


report did not effectively distinguish between pilocarpine and isopilo- 
carpine (7). I t  is possible that pharmaceutical industry standards for 
purity of pilocarpine preparations have been modified such that they now 
exceed standards. Another possible explanation is that  fresh samples of 
pilocarpine were used, and degradation products which would have ap- 
peared after prolonged storage were not present in these samples. 


The results of this study and the study by Noordam et al. (5) illustrate 
the effectiveness of HPLC for pilocarpine assay. Because these newer 
methods are capable of providing more accurate analysis of pilocarpine 
than the current official USP method, it is reasonable to consider mod- 
ifying the USP to reflect more current technology. 
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Abstract 0 A new quantitative GLC method for analysis of lidamidine 
hydrochloride (I) was developed. The method was based on derivatization 
of I to 1 - (2,6-dimethylphenyl) -4-methylamino-dih ydro- 1,3,5-triazin- 
2-one (11) using dimethylformamide dimethylacetal reagent. Compound 
I1 was synthesized and characterized by IR, NMR, mass spectrometry, 
and elemental analysis. The assigned structure was in agreement with 
characterization analyses. Cyclization of I to a triazinone using dimeth- 
ylformamide dimethylacetal reagent presented a new route for the 
preparation of 11. 


Keyphrases 0 Lidamidine-derivatization to a triazinone for GLC 
analysis 0 GLC-derivatization of lidamidine to a triazinone for GLC 
analysis 0 Triazinones-derivatization of lidamidine for GLC anal- 
ysis 


The arylamidinoureas are a family of compounds 
pharmacologically active on the GI tract, and the cardio- 
vascular and central nervous systems. They also demon- 
strate local anesthetic activity1. Among a series of substi- 
tuted arylamidinoureas, lidamidine hydrochloride, N -  
(2,6 - dimethylphenyl) - N - [imino(methylamino)meth- 


William H. Rorer, Inc., internal communication. 


yllurea hydrochloride (I), exhibited promising antidiar- 
rheal activity. Extensive pharmacological, toxicological, 
and biochemical studies of I have been reported (1-6). The 
chemical synthesis (7), the hydrolysis kinetics, and the 
physical and chemical parameters of I were also reported 
(8). 


Stability-indicating high-performance liquid chroma- 
tographic (HPLC) methods’ were developed to analyze I 
quantitatively in the presence of impurities or hydrolysis 
products. A direct GLC method to quantitate I failed be- 
cause of its low volatility and/or thermal instability. The 
separation of amidinoureas by the GLC method required 
derivatization of the functional groups. Derivatization 
attempts by conventional silylation and acylation methods 
were unsuccessful. 


For the derivatization of primary amines, dimethyl- 
formamide dimethylacetal reagent is used to form the 
N-dimethylaminoethylene derivative (9). When substi- 
tuted guanidines were derivatized by dimethylformamide 
dimethylacetal, the resultant N-dimethylaminoethylene 
derivative underwent further cyclization reactions to form 
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purity of pilocarpine preparations have been modified such that they now 
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pilocarpine were used, and degradation products which would have ap- 
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The results of this study and the study by Noordam et al. (5) illustrate 
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methods are capable of providing more accurate analysis of pilocarpine 
than the current official USP method, it is reasonable to consider mod- 
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Abstract 0 A new quantitative GLC method for analysis of lidamidine 
hydrochloride (I) was developed. The method was based on derivatization 
of I to 1 - (2,6-dimethylphenyl) -4-methylamino-dih ydro- 1,3,5-triazin- 
2-one (11) using dimethylformamide dimethylacetal reagent. Compound 
I1 was synthesized and characterized by IR, NMR, mass spectrometry, 
and elemental analysis. The assigned structure was in agreement with 
characterization analyses. Cyclization of I to a triazinone using dimeth- 
ylformamide dimethylacetal reagent presented a new route for the 
preparation of 11. 
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(2,6 - dimethylphenyl) - N - [imino(methylamino)meth- 
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yllurea hydrochloride (I), exhibited promising antidiar- 
rheal activity. Extensive pharmacological, toxicological, 
and biochemical studies of I have been reported (1-6). The 
chemical synthesis (7), the hydrolysis kinetics, and the 
physical and chemical parameters of I were also reported 
(8). 


Stability-indicating high-performance liquid chroma- 
tographic (HPLC) methods’ were developed to analyze I 
quantitatively in the presence of impurities or hydrolysis 
products. A direct GLC method to quantitate I failed be- 
cause of its low volatility and/or thermal instability. The 
separation of amidinoureas by the GLC method required 
derivatization of the functional groups. Derivatization 
attempts by conventional silylation and acylation methods 
were unsuccessful. 


For the derivatization of primary amines, dimethyl- 
formamide dimethylacetal reagent is used to form the 
N-dimethylaminoethylene derivative (9). When substi- 
tuted guanidines were derivatized by dimethylformamide 
dimethylacetal, the resultant N-dimethylaminoethylene 
derivative underwent further cyclization reactions to form 
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Figure 1-Chromatogram of internal standard triphenylethylene (A); 
derivative 11 (B); and internal standard tetraphenylethylene (C). 


triazine derivatives (10). Biguanides are also known to 
undergo similar cyclization reactions on derivatization by 
trifluoroacetic anhydride (11) and p-nitrobenzoyl chloride 
(12). 


Dimethylformamide dimethylacetal was used to deri- 
vatize I with the hope that a similar reaction would occur 
and a stable derivative could be formed. The resultant 


derivative was a triazinone-type compound, which in- 
volved cyclization of I during the derivatization. 


EXPERIMENTAL 


Materials-N,N-Dimethylformamide dimethylaceta12, N,N-di- 
methylf~rmamide~,  tr i~henylethylene~, and tetra~henylethylene~ were 
used without further purification. 


Instrumentation-A gas chromatograph5 and an electronic integra- 
tor6 equipped with a flame-ionization detector were used. The 183-cm 
X 4-mm i.d. glass column was packed with 10% methyl silicone gum7 on 
80-100 mesh diatomaceous earth8. The injection port, column, and de- 
tector temperatures were maintained isothermally at  270,250, and 270°, 
respectively. Nitrogen was used as the carrier gas a t  a flow rate of 45 
ml/min. 


Derivatization-Approximately 10 mg of I and 3 mg of an internal 
standard (triphenylethylene or tetraphenylethylene) were weighed ac- 
curately and placed into a 1-ml hypodermic vial and dissolved in 1 ml of 
N,N-dimethylformamide. Using a syringe, 0.1 ml of N,N-dimethyl- 
formamide dimethylacetal reagent was added to the vial. The vial was 
sealed with a silicone rubber septum, shaken, and put in an oven at 110' 
for 20 min. An aliquot (2 pl) was injected into a gas chromatograph. 


Isolation of the Derivative (11)-The derivative was prepared in 
larger quantity for isolation and characterization. Approximately 200 
mg of I was placed in a hypodermic vial and dissolved in 1 ml of aceto- 
nitrile. T o  the solution was added 0.2 ml of N,N-dimethylformamide 
dimethylacetal reagent. The vial was sealed and heated at  105' for 15 min 
in an oven. Seven identical preparations in the separate vials were made. 
The contents of the vials were pooled and placed in a round-bottom flask 
and evaporated to dryness under reduced pressure. The resultant solid 
residue was dissolved in a mixture of 30 ml of chloroform and 20 ml of 
water in a 60-ml separator and shaken vigorously. The aqueous layer was 
discarded and the chloroform layer was washed with another 20 ml of 
water. T o  the chloroform solution was added 10 g of anhydrous sodium 
sulfate. The solution was swirled, decanted into a flask, and evaporated 
to dryness. The white solid residue was recrystallized from 2-pentanone 
and dried in a desiccator over phosphorus pentoxide under vacuum for 
1 hr. 


Characterization of the Derivative (11)-The IR spectrum of a 
potassium bromide dispersion of I1 was obtained using an IR spectro- 
photometers. The NMR spectrumlo was obtained in deuterated chloro- 
form solution with tetramethylsilane as an internal standard. The 
chemical-ionization mass spectrumll was obtained with methane as a 
reagent gas. 


RESULTS AND DISCUSSION 


Figure 1 shows a typical chromatogram of I1 and the internal standards. 
T o  establish optimum derivatization time and temperature, a sample 
containing I and triphenylethylene, an internal standard, was mixed with 
N,N-dimethylformamide dimethylacetal and the peak area ratio of I1 
to the internal standard was followed for 3 hr a t  room temperature. 
However, the derivatization was not complete during this time period 
a t  room temperature. The same experiment a t  an elevated temperature 
(110') showed that the derivatization was complete within 16 min. Di- 
methylformamide was chosen as the solvent because it is a relatively good 
solvent for both I and triphenylethylene or tetraphenylethylene and has 
a high boiling point. 


T o  evaluate the response linearity of the GLC process, I was derivatized 
a t  various concentrations (0.9, 1.8, 2.7, and 3.6 mg) in the presence of 
triphenylethylene (0.7 mg) and then injected into the GLC. A plot of the 
peak area ratio of I1 to the internal standard against the concentration 
of I showed a linear relationship. The linear plot showed a negative in- 
tercept indicating column adsorption of 11. 


Scheme I shows the most probable pathway in the preparation of 11. 
The structure of I1 was elucidated from IR, NMR, and mass spectrometric 
analyses. In addition, elemental analysis was performed on the sample. 


2 Applied Science Laboratories. 
3 Fisher Scientific Co. 


Eastman Kodak Co. 
Hewlett-Packard, 7620A. 


6 Hewlett-Packard. 3370A. 
1 SE-30, Analabs. 
8 Chromosorb W-HP, John-Manville Products Corp. 
9 Perkin-Elmer model 283B. 


lo  Varian model T-60. 
l 1  Finnigan 3300 mass spectrometer. 
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Scheme I 


The IR spectrum of I1 showed a band at  3300 cm-' representing -NH 
stretch of a secondary amine, a strong band a t  1620 cm-', and a doublet 
at  1700 cm-', indicating carbonyl and -C=N stretches. 


The NMR spectrum of I1 showed six protons of two methyl groups on 


the aromatic ring at  2.20 ppm (singlet), three protons of the methyl group 
(NH-CHs) a t  3.10 ppm (doublet), three protons of the aromatic ring 
a t  7.26 ppm (singlet), and one proton (-N=CH-N=) a t  7.75 ppm 
(singlet). The spectrum also reveals additional small signals at  3.15 ppm 
(doublet) and a t  7.95 ppm (singlet). The appearance of the additional 
signals indicates that I1 can exhibit tautomerism causing protons of the 
NH-CH3 and -N=CH-N=.groups to be magnetically nonequivalent 
and therefore in different environments. 


The chemical-ionization mass spectrum of I1 showed mass peaks a t  
m/z 231 (M + l), 259 (M + 29) and 271 (M + 41) which are characteristic 
peaks formed with methane as a reagent gas. The spectrum confirmed 
the molecular weight of the derivative as 230. 


Based on the spectral data, the structure of the derivative is 1-(2,6- 
dimethylphenyl)-4-methylamino-dihydro-l~3,5-triazine-2-one. The el- 
emental analysis of the derivative was in agreement with the chemical 
composition. 


Anal.-Calc. for C12HIdN40: C, 62.59; H, 6.13; N, 24.33. Found: C, 
62.54; H, 6.14; N, 24.28. 


The derivatization process is shown in Scheme I. The amidinourea 
moiety of I can be drawn in many tautomeric configurations, one of which 
is Ia. The tautomer would react with N,N-dimethylformamide dimeth- 
ylacetal to form the N-dimethylaminoethylene derivative, an interme- 
diate, which imparts structural stability by ring closure to form 11. The 
cyclization of I to  a triazinone using N,N-dimethylformamide dimeth- 
ylacetal reagent presents a new route for the preparation of I1 (13). 
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versed-phase LC procedure recently published by the United States Food 
and Drug Administration (11,12). In addition to being twice as fast, the 
selectivity of the adsorption LC system is such that I and I1 elute prior 
to aspirin, permitting a low limit of detection for I. The normal phase LC 
method avoids the use of hydroxylic solvents, which lead to degradation 
of aspirin and 111 preventing accurate determination of I11 by reversed- 
phase LC. This method uses an inexpensive fixed wavelength (254 nm) 
UV detector and has a lower limit of detection than any previously 
published normal phase LC procedure. 


REFERENCES 


(1) H. Bundgaard, J .  Pharm. Pharmacol., 26,18 (1974). 
(2) A. L. DeWeck, Int. Arch. Allergy Appl. Immunol., 41, 393 


(1971). 


(3) H. Bundgaard and A. L. DeWeck, ibid., 49,119 (1975). 
(4) H. D. Schlumberger, ibid., 48,467 (1975). 
(5) J .  C. Reepmeyer and R. D. Kirchhoefer, J .  Pharm. Sci., 68,1167 


(6) R. D. Kirchhoefer and W. E. Juhl, ibid., 69,548 (1980). 
(7) S. 0. Jansson and I. Anderson, Acta Pharm. Suec., 14, 161 


(8) G. Chevalier, R. Rohrbach, C. Bollett, and M. Coude, J .  Chro- 


(9) H. Bundgaard, Arch. Pharm. Chemi Sci. Ed., 4,103 (1976). 


(1979). 


(1977). 


matogr., 138,193 (1977). 


(10) R. A. Bredeweg, L. D. Rothman, and C. D. Pfeiffer, Anal. Chem., 


(11) R. D. Kirchhoefer, R. C. Reepmeyer, and W. E. Juhl, J .  Pharm. 


(12) R. D. Kirchhoefer, ibid., 69,1188 (1980). 


51,2061 (1979). 


Sci., 69,550 (1980). 


Soft Drugs V: Thiazolidine-Type Derivatives of 
Progesterone and Testosterone 


NICHOLAS BODOR *x and KENNETH B. SLOAN 
Received April 8,1981, from the *Department ofMedicina1 Chemistry, College of Pharmacy, J .  Hillis Miller Health Center, University of 
Florida, Gainesuille, FL 32610 and the $Inter, Research Corporation, Lawrence, KS 66044. Accepted for publication August 5,1981. 


Abstract Progesterone and testosterone are natural soft drugs, hut 
to be used as drugs, their fast and facile metabolism must he prevented 
and their delivery controlled. A prodrug-soft drug combination can serve 
this purpose. Thiazolidines of testosterone, testosterone 17-propionate 
and progesterone were synthesized from the reaction of cysteine alkyl 
esters, N-methylaminoethanethiol, and mercaptamine and their hy- 
drochlorides with the appropriate steroids. The thiazolidines function 
as bioreversible derivatives of the parent steroids. 


Keyphrases Soft drugs-thiazolidine-type derivatives of progesterone 
and testosterone 0 Prodrugs-thiazolidine-type derivatives of proges- 
terone and testosterone 0 Progesterone-thiazolidine-type derivatives, 
prodrugs 0 Testosterone-thiazolidine-type derivatives, prodrugs 
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Oral contraception is accomplished currently by prod- 
ucts containing synthetic hormones, mostly as fixed 
combinations of synthetic estrogens and progestins (1). 
The contraceptive action of these products is mediated 
primarily by inhibition of ovulation through specific 
macromolecular receptors for each hormone. It is clear that 
if the natural hormones, e .g . ,  progesterone and estradiol, 
were delivered to the receptors, they would elicit the same 
contraceptive effect as the synthetic analogs. The advan- 
tage of this method is that the natural hormone might 
decrease or eliminate the side effects accompanying syn- 
thetic contraceptive agents. Some of these side effects are 
the result of oxidative metabolism (2), such as the one in- 
volving the 17a-ethinyl group in norethindrone (17p- 
hydroxy-19-nor-17a-pregn-4-en-20-yn-3-one) or norges- 
trel (13-ethyl-17~-hydroxy-18,19-dinor-l7a-pregn-4- 
en-20-yn-3-one), which leads to destruction of cytochrome 
P-450 (3). 


Natural hormones such as progesterone, estradiol, and 
testosterone are natural soft drugs (4, 5); that is, due to 
their efficient and nontoxic metabolic disposition, they will 
not cause unexpected toxicity at  concentrations close to 
their natural levels. On the other hand, natural hormones 
administered as drugs suffer from low physiological 


availability because, as natural substances, the body has 
developed efficient mechanisms for their metabolism and 
excretion. For example, the a,P-unsaturated ketone and 
the 20-ketone in progesterone are reduced in the liver to 
give pregnane-3a,20-diol, which can then be conjugated 
and excreted (1). In addition, the natural hormones are 
virtually insoluble in water which precludes their efficient 
dissolution and absorption from most formulations. Thus, 
to utilize progesterone as a contraceptive drug component, 
solutions to the problems of slow dissolution (water solu- 
bility) and rapid metabolism must be found. 


In the case of hydrocortisone (4), the preferred approach 
to solving the described problems is through chemical 
modification, i . e . ,  a prodrug. However, progesterone is a 
difficult candidate for such an approach because the only 
functional groups available for reversible modification are 
the 3- and 20-ketones. Therefore, an extension of the 
spirothiazolidine approach (4) seemed the most attractive, 
as thiazolidines are unique examples of a bioreversible 
steroidal ketone derivative. The spontaneous s N 1  cleavage 
of the thiazolidine (6) to a 0-thioethylene imine is followed 
by hydrolysis of the imine [possibly through a hydra- 
tion-disassociation mechanism (7)] to regenerate the 
parent carbonyl compound (4). In addition to their po- 
tential bioreversibility, thiazolidines were attractive as 
prodrugs because they could be prepared from cysteine. 
Consequently, the hydrolysis products (steroid and cys- 
teine) of the prodrugs would not present any unusual 
metabolic burden to the body. The carboxylic group of 
cysteine could also be easily esterified, thus providing a 
convenient method for changing the lipophilicitylhydro- 
philicity of the derivatives. In addition to progesterone, 
testosterone thiazolidines were also investigated’. 


Part 4 of this series (N. Bodor, K. B. Sloan, R. d .  Little, S. H. Selk, and L. Caldwell, 
Int. J .  Phorrn; in press). 
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EXPERIMENTALz 
Biological-In uiuo animal tests used standard procedures for the 


Clauberg and seminal vesicle and ventral prostate weight tests. 
Plasma Hydrolysis Studies of Thiazolidines-Whole blood was drawn 


from female beagles immediately before the hydrolysis study. The whole 
blood was treated with edetate disodium as an anticoagulant. The blood 
was centrifuged a t  2000 rpm for 10 min. The plasma was removed from 
the red blood cells and filtered through a 0.2-pm methylcellulose mem- 
brane filter. Concentrated spiking solutions of the thiazolidines (Table 
I) were prepared in dimethylformamide. Small volumes of these solutions 
(20 pl/ml of plasma) were added to the plasma to give the appropriate 
concentrations. Methyl testosterone (0.020 mg/ml) was added as an in- 
ternal standard for chromatography. The samples were mixed thoroughly 
and placed in a water bath a t  37O, equipped with a shaking mechanism. 
Samples (5 pl) were withdrawn a t  -12-hr intervals for injection onto the 
high-pressure liquid chromatograph. The mobile phase was tetrahy- 
drofuran-methanol-water (1:1:2) a t  a 2.0-ml/min flow rate. The eluate 
was monitored a t  254 nm for progesterone. The progesterone concen- 
tration was determined by comparison of the peak areas of the sample 
and standard solutions, and corrected using the internal standard. Hy- 
drolysis rates were determined by the rate of appearance of progesterone. 
Straight lines were determined using a least-squares fit. 


Pharrnacokinetics of X I  in Dogs-Female beagle dogs were used for 
the study which included a crossover experiment. The dogs were placed 
in separate stainless steel cages 24 hr prior to administration of the drug. 
Water was available at all times and normal feeding schedules were 
maintained. The dogs were dosed with 2.5 gCi of drug by intravenous 
injection in the front leg over a 30 sec period. The 14C-laheled proges- 
terone was 1 pCi/mg. The 14C-labeled XI was 0.446 pCi/mg. All drugs 
were dissolved in 100 pl of benzyl alcohol. Blood samples (-4 ml) were 
drawn from the jugular vein of the dog using tubes containing edetate 
disodium as an anticoagulant preservative. Blood samples were taken 
a t  5, 10, 15,30,45,60, and 90 min, 2,4,6,8,12,24,32, and 48 hr, and a t  
other appropriate times after injection. The blood (3.5 ml) was transferred 
to a tared 25-ml heavy duty centrifuge tube with a polytef-lined screw 
cap. The samples were weighed accurately before extraction. Extractions 
were performed by shaking for 10 min with 10 ml of 10% ethylene di- 
chloride in ether (v/v) on a wrist-shaker, centrifuging for 15 min a t  2000 
rpm, and transferring the organic phase to new liquid scintillation vials. 
Samples were extracted twice and the organic phases from each extraction 
were combined. The organic solvent was evaporated to dryness in a 50' 
water bath under dry nit.rogen stream. The extracts were dissolved in 15 
ml of scintillation cocktail and mixed thoroughly. The samples were 
stored overnight a t  4' prior to counting to reduce chemiluminescence. 


Urine samples from each dog were collected a t  24 and 48 hr after dos- 
ing. Both samples were frozen separately until all the studies were com- 
pleted and all samples were prepared a t  once. The urine was thawed and 
the total volumes measured. A small amount of well mixed urine from 
each sample was centrifuged to remove particulate matter. One milliliter 
of each sample was quantitatively transferred to a liquid scintillation vial 
containing 0.5 ml of 0.5 N hydrochloric acid and mixed. Fifteen milliliters 
of scintillation cocktail was added to each vial and mixed. Samples were 
then counted. 


Recovery experiments were conducted using radioactive labeled drugs 
at  three blood levels for each of the three compounds in whole dog blood. 
Extraction efficiencies for each compound a t  each blood level were de- 
termined using 10% ethylene dichloride in ether as a solvent. For each 
compound, studies were conducted a t  blood levels of 0.001,0.0001, and 
0.00005 gctCi/3 ml of blood. For each blood level, 18 ml of' blood was 


Radiolabeled counting was performed on a Beckman LS-1OOC Scintillation 
Counter. TLC were run on Brinkman Polygram Sil C/UV 254. Melting points 
(uncorrected) were taken with a Thomas-Hoover capillary apparatus. NMR spectra 
were recorded on a Varian T-60 (lH spectra) or on a Bruker WP-80 spectra) 
spectrophotometer. Infrared spectra were obtained on a Beckman Acculab 4 in- 
frared spectrophotometer, while UV spectra were determined on a Carey Model 
14 spectrophotometer. Optical rotations were obtained using a Perkin Elmer 141 
polarimeter. HPLC analyses were run on a Waters 6000A solvent delivery system 
U6K universal injector and a 440 Dual Channel UV detector. Microanalyses were 
performed by Midwest Microlab, Ltd, Indianapolis, Ind. Progesterone, testosterone. 
testosterone propionate, cysteine methyl, and ethyl ester hydrochlorides were ob- 
tained from Sigma. 2-Aminoethanethiol hydrochloride was obtained from Aldrich, 
the scintillation cocktails were Aquasol or Biofluor from New England Nuclear, 
the protein solubilizer was Protosol from New England Nuclear, while all other 
reagents were obtained from Mallinckrodt unless otherwise specified. The cysteine 
glycerol, butyl, hexyl, and decyl esters were prepared according to Voullie ( 8 )  at 
nl . ,  and the N-acyl-thiazolidines were prepared according to Sloan ~t nL3 The 
hairless mice (SKH-hr-1) were obtained from the Temple University Skin and 
Cancer Hospital. In  1111~0 animal tests were conducted at the National Institutes 
of Health. 


K. B. Sloan, N. Eodor, and J. Zupan, Tctrohadron, in press. 


Table  I-Thiazolidines of Testosterone and  Testosterone 178- 
Propionate 


Compound X R A R' 


Ia 
Ib 


IIa 
IIb 


111 
IV 
v 


VI 
VII 


H 
H 


H 
H 
H 
H ~~ 


H 
H 
H 
H 


5,6 
4,s 
5,6 
4.5 


5;6 
5,6 


~ ~~ 


Thiazolidines of Progesterone 


s 
Compound X A 


VIIIU 
VIIIb 


X 
XI  


XI1 


Thiazolidines of Progesterone 


I< 
Compound X R A 


IXa C02CzHs H 
IXb COzCzHs H 


XI11 H H 


5.6 
4.5 
5.6 


XIV 
XV 


XVI 


H 
H 
H 


-,- 
COH 5,6 
COCH:i 5,6 
COCH~NHCOY 5.6 


transferred to a tared, heavy-duty centrifuge tube and weighed accu- 
rately. Each pool of blood was spiked a t  the appropriate concentration 
using either 30 or 60 pl of a spiking solution (methanol). The spiked blood 
was shaken for 30 rnin to reach equilibrium. Five replicate 3-ml samples 
were drawn from each pool and transferred to tared 25-ml heavy-duty 
centrifuge tubes equipped with polytef-lined screw caps and weighed 
accurately. 


Each sample was extracted twice by shaking for 15 min on a wrist- 
shaker with 10 ml of 10% ethylene dichloride in ether, centrifuging for 
10 min at  2200 rpm, and transferring the supernate to a liquid scintillation 
vial. Combined extracts were evaporated to dryness under a dry nitrogen 
stream a t  55". The residues were dissolved in 15 ml of scintillation 
cocktail. Samples were stored overnight a t  4O to reduce chemilumines- 
cence and then counted. 


Distribution Studies in Rats-Approximately 1 pCi/mmole of pro- 
gesterone, XI, and VIIIa in 5 ml of benzyl alcohol were injected intra- 
venously in the tail veins of six female rats (90-120 g). They were then 
placed in a clean metabolism cage and their urine and feces were collected. 
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Sixty minutes after injection each rat was anesthetized with ether, and 
its blood was collected in a preweighed test tube containing 4 drops of 
15% edetate disodium. Each rat was then sacrificed with more ether and 
dissected. The fat deposits, spleen, kidneys, ovaries, liver, lungs, heart, 
brain, intestinal walls, GI contents, and the tail were all removed and each 
one placed in a preweighed test tube. 


After each organ (except the tail) was weighed, it was homogenized with 
a known amount of water in a glass tissue grinder. The tail was wrapped 
in aluminum foil, frozen in liquid nitrogen, shattered with a hammer, and 
mixed thoroughly with a known volume of water. The feces were diluted 
with water and mixed thoroughly. Samples (0.5 ml) of the homogenates 
or suspensions and 1.0 ml of a protein solubilizer-ethanol mixture were 
placed in liquid scintillation counting vials. The vials containing the 
samples were heated at  55” for 60 min, and if necessary, the samples were 
decolorized by heating with 0.1-0.5 ml of 30% hydrogen peroxide. After 
the samples were cooled, 15.0 ml of scintillation cocktail and 0.5 ml of 0.5 
N HCI were added to the samples, and they were counted. A quenching 
curve was obtained using tissue samples, protein solubilizer, hydrogen 
peroxide, and scintillation cocktail. The urine from each rat was collected 
directly in a scintillation vial, and counted in 15.0 ml of scintillation 
cocktail. 


Percutaneous Distribution in Mice-For the percutaneous delivery 
study, the thiazolidine VIIIa and progesterone were dissolved in etha- 
nol-isopropyl myristate (9010) and applied to the backs of six hairless 
mice using a bandage to form an occlusive application. The mice were 
then placed in metabolism cages for 24 hr and then sacrificed. The ban- 
dages were then removed and the surface of the skins were washed three 
times with 5 ml of ethanol. The washes were combined with the patches 
and counted. An epidermal plug, 2 cm in diameter, was taken from each 
carcass from directly beneath where the patches (3 ern2) had been with 
a leather punch. The epidermal plugs, the remainder of the carcasses, 
the urine, and feces were processed as described for the rat distribution 
study. 


Reaction of Testosterone 17@-propionate with Cysteine Ethyl 
Ester Hydrochloride-To a mixture of testosterone 17P-propionate 
(1.0 g, 0.0029 mole) and cysteine ethyl ester hydrochloride (3.70 g, 0.02 
mole) was added 10 ml of pyridine. The solution was allowed to sit at  room 
temperature overnight under a nitrogen atmosphere in a tightly closed 
flask. The solution was then partitioned using methylene chloride-water 
(1OO:lOO) and the methylene chloride layer was separated, dried over 
sodium sulfate, and concentrated to give a solid residue. The residue was 
crystallized from 10 ml of hot ethanol to give 0.35 g (mp 144-147”, 
26% yield) of 5-androstene-17~-propionyloxy-3-spiro-2’-(4’-ethoxycar- 
bonyl-l’,3’-thiazolidine), la: TLC (silica gel, ether) Rf 0.45; IR (KBr): 1735 
cm-1 (s, C=O); ‘H-NMR (CDCI3): 6 5.53-5.2 (m, 1, CH=C), 4.6 ( t , J  = 
8 Hz, 1, CHOzC), 4.21 (q, J = 7 Hz, 2, CH3CH20), 4.2-3.8 (m, 1. 
OzCCHN), 3.4-2.7 (m, 2, CH2S), 1.29 (t, J = 7 Hz, 3, CH~CHZO), 1.01 (s, 
3, CH3-C), 0.8 (s, 3, CH3-C), and 2.7-1.0 (m, 24, NH, CH2 and CH); 
I3C-NMR (CDC13): 6 174.7,171.9 (Con), 140.7 (C-5), and 122.4 ((2-6); [a]%- 
-55’ (C = 0.55, ethanol). 


Anal.-Calc. for C ~ ~ H ~ I N O ~ S :  C, 68.17; H, 8.69; N, 2.95. Found: C, 
68.46; H, 8.78; N, 2.70. 


The mother liquor was concentrated to 5 ml and allowed to crystallize 
further. This gave 0.51 g (mp 100-104’, 37% yield) of a mixture containing 
primarily 4-androstene-17~-propionyloxy-3-spiro-2’-(4’-ethoxycar- 
bonyl-l’,3’-thiazolidine), Ib, but with some Ia (ratio -9:l,Ib:Ia). TLC 
and IR were the same as for Ia. The ’H-NMR spectrum was the same 
except that the major (90%) CH=C absorption was a singlet as 6 5.3; 
I3C-NMR (CDC13): 6 174.7, 171.9 (COz), 148.7 (C-5), and 123.0 (C-4); 
[a)T = +10 (C = 0.49, ethanol). 


Anal.-Calc. for C27H41N04S: C, 68.17; H, 8.69; N, 2.95. Found: C, 
68.28; H, 8.79; N, 2.75. 


Compounds IIa, IIb, 111, and IV were prepared in a similar manner and 
had NMR and IR spectra consistent with the assigned structures. 


5- and 4-Androstene-17P-01-3-spiro-2‘- (4‘-ethoxycarboxyl-lf,3’- 
thiazo2idine)-These are IIa and IIb, respectively. 


IIa: mp 136-140’ from ethanol, 32% yield; [.IT = -60” (C = 0.47, 


Anal.-Calc. for C Z ~ H ~ ~ N O ~ S :  C, 68.69; H, 8.89; N, 3.34. Found: C, 


Ilb: An amorphous powder from water; = + 2 O  (C = 0.45, 


Anal.-Calc. for C Z ~ H ~ ~ N O ~ S :  C, 68.69; H ,  8.89; N, 3.34. Found: C, 
67.87; H, 8.79; N, 3.54. 


The 4-androstene-3-thiazolidine could be crystallized from 1 ml of 
ethanol to give a light yellow fibrous solid (0.28 g, mp 67-75’), which was 
identical in all respects with the crude product and gave a low carbon 


CHC13). 


68.58; H, 8.79; N, 3.18. 


CHC13). 


analysis also. 
5-Andros tene- 17P-propionylox~-3-spir0-2’- (4‘- 6- hydroxyethoxycar- 


bonyl-l’,3’-thiazolidine)-III mp 127-130” from ether; [aIg = -49” 


Anal.-Calc. for C ~ ~ H ~ L N O ~ S :  C, 66.00; H, 8.34, N, 2.84; S, 6.52. Found: 
C, 65.90; H, 8.55; N, 2.68; S, 6.69. 


5-Androstene-I 7/3-ol-3-spiro-2‘- (4‘-/3-h~droryethoxymrbonyl-l’,3‘-thi- 
azolidine)-IV: mp 135-140’ from ether. 


Anal.-Calc. for C24H37N04S: C, 66.22; H, 8.50, N, 3.21; S, 7.36. Found 
C, 66.16; H, 8.77; N, 3.39; S, 7.48. 


Reaction of Progesterone with Cysteine Ethyl Ester Hydro- 
chloride-Progesterone (1.0 g, 0.0032 mole) was mixed with increasing 
amounts of cysteine ethyl ester hydrochloride (0.65 g, 0.0035 mole, one 
equivalent; 1.30 g, 0.0070 mole, two equivalents; 2.60 g, 0.014 mole, four 
equivalents; 3.90 g, 0.021 mole, six equivalents) and dissolved in pyridine 
(10 ml) in four separate reactions. The reactants were kept a t  room 
temperature overnight under nitrogen in a tightly closed flask. Each re- 
action was then concentrated in uacuo (0.1 mm, 1 hr, 45”) to give a 
gummy solid which was suspended in 50 ml of ethylene dichloride. The 
ethylene dichloride suspensions were extracted with 10 ml of water, dried 
over sodium sulfate and concentrated in uacuo to give yellow solids which 
were analyzed by TLC and NMR spectroscopy. Only the reaction with 
six equivalents of cysteine ethyl ester hydrochloride appeared to give a 
homogeneous product. All of the reaction products were suspended in 
25 ml of boiling ethanol and filtered. In the case of the reactions with four 
and six equivalents, there was a considerable amount of the ethanol in- 
soluble material. The ethanol insoluble fraction from the reaction with 
four equivalents of cysteine ethyl ester hydrochloride was a mixture, 
but that from six equivalents was homogeneous and it was identified 
as 17~-~4”-ethoxycarbonyl-2”-methyl-l”,3”-thiazolidine-2”-yl)-5-an- 
drostene-3-spiro-2’-(4’-ethoxycarbonyl-l’,~-thiazolidine)VIII~ (1.2 g, 
mp 167-170”, 67% yield); IR (KBr): 1735 cm-I (s, C=O); ‘H-NMR 
(CDC13): 6 5.6-5.2 (m, 1, CH=C), 4.20 (q, J = 7 Hz, 4, OCH2CH3), 
4.1-3.65 (m, 2, 02CCH-N), 3.5-2.6 (m, 4, Cff-S), 1.57 (s, 3, CH3- 


CH3CH20), 2.6-0.6 (m, 19, CH2 and CHI; W - N M R  (CDC13): 6 171.9 
(COz), 140.6 (C-5) and 122.6 (C-4); [.It5 = -92” (C = 0.56, CHC13); TLC 
(silica gel, ether) Rf  0.42. 


Anal.-Calc. for C ~ I H ~ ~ N ~ O & :  C, 64.54; H, 8.39; N, 4.86. Found: C, 
64.61; H, 8.44; N, 4.63. 


The crystals obtained from the 25-ml ethanol solutions contained 
mixtures except for the product from the reaction of progesterone with 
one equivalent of cysteine ethyl ester hydrochloride. Those crystals were 
identified as 5-pregnene-20-one-3-spiro-2’-(4’-ethoxycarbonyl-l’,~’- 
thiazolidine) (IXa) with about 10% of the 4-pregnene IXb as a contam- 
inant (0.45 g, mp 127-134”, 33% yield); IR (KBr): 1735 and 1700 cm-I 
(s) (C=O); IH-NMR (CDC13): 6 5.6-5.2 (m, 1, CH=C), 4.26 (4, J = 7 Hz, 
2, CHSCH~O),  4.2-3.8 (m, 1, OzCCHN), 3.6-2.8 (m, 2, CHaS), 2.11 (s, 3, 


3, CH3CH20), 2.8-0.6 (m, 19, CH2 and CH); W - N M R  (CDCI:J: 6 209.7 
(C-20 = 0), 171.9 (COa), 140.6 (C-5) and 122.5 (C-6); [a]$ = +1l0 (C = 
0.58, CHC13); TLC (silica gel, ether) Rf 0.34. 


Anal.-Calc. for C Z ~ H ~ ~ N O R S :  C, 70.07; H,  8.82; N, 3.14. Found: C, 
69.84; H, 8.80; N, 3.05. 


In the case where six equivalents of cysteine ethyl ester hydrochloride 
was used, a precipitate formed after the reaction was allowed to run 
overnight. In a separate reaction, that precipitate was filtered to give 
VIIIa (mp 164-170,617~ yield). 


The following were prepared in a similar manner. Their NMR and IR 
spectra were consistent with the assigned structures. 
17p- (4”-Butoxycarbonyl-2”-methyl- I ”,3“-thiazolidine-2”-yl)-4- 


a n d r o s t e n e - 3 - s p i r ~ - 2 ’ - ( 4 ’ - b u t o x ~ c a r b o n ~ / - ~ ’ , ~ ’ - t h i a z ~ ~ l i d i n ~ ) -  mp 
149-150”, from ethanol; [a]:: = -38” (C  = 0.58, CHC13). 


Anal.-Calc. for C ~ ~ H ~ O N ~ O & :  C, 66.42; H, 8.92; N, 4.43. Found: C, 
66.90; H, 9.20; N, 4.30. 


17~-(4”-Hexoxycarbonyl-2”-methyl- I “J” - thiazolidine-2”-ylj-4- 
and 5-androstene-3-spiro-2’- (4’-hexoxycarbon.yl-l’,3’-thinzolidine) 
(XI)-mp 113-115’, from ethanol; [a]? = -25” (C  = 


Anal.-Calc. for C3gHe4N204S2: C, 67.98; H, 9.36; N, 4.07. Found: C. 
68.40; H, 9.48; N, 3.90. 
17b- (4“-Decoxycarbonyl-2“-methyl- I ”,3”-thiazo/idine-2“-y/)-4- 


androstene-3-spiro-2’-(4’-decoxycarbonyl-I’.3’-thiazolidine) (XII)  
-mp 100-102”, from ethanol. 


(C = 0.5, CHC13). 


C(N)-S), 1.03 (s, 3, CH3-C), 0.85 (s, 3, CH3-C), 1.3 (t, J = 7 Hz, 6, 


CH:j-C=O), 1.02 (s, 3, CHz-C), 0.63 (s, 3, CH3-C), 1.3 (t, J = 7 Hz, 


0.51, CHC13). 


Anal.-Calc. for C47HsoN204Sz: C, 70.45; H, 10.66; N, 3.50. Found: C, 
70.62; H, 10.20; N, 3.40. 


Preparat ion of 17~-(4”-Ethoxycarbonyl-2”-methyl-l”,3”-thia- 
zolidine-2”-yl)-4-androstene-3-spiro-2’-(4‘ - ethoxycarbonyl - 1’,3‘- 
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Table 11-Hsdrolyses of Thiazolidinesn 


Mono-thiazolidines 
IXb 22 h 
IXa 77 h 


XI11 16 h ~~~~~ 


Bis-thiazolidines 
VIIIb 41 h 
VIIIa 106 h 


XI 164 h 
~ ~ 


Time for one-half the theoretical amount of progesterone to form. * Concen- 
tration of thiazolidines in plasma was 0 040 mg/ml 


thiazolidine) (VII1b)-Cysteine ethyl ester hydrochloride (11.2 g, 0.06 
mole) was suspended in 40 ml of triethylamine with vigorous stirring for 
1 hr a t  room temperature. The triethylamine hydrochloride was filtered 
and the fikrate was concentrated to give cysteine ethyl ester as an oil. The 
oil was dissolved in 30 ml of pyridine and allowed to react with 3.2 g (0.01 
mole) of progesterone at room temperature for 3.5 days. The suspension 
that resulted was filtered and crystallized from ethyl acetate to give 2.7 
g (mp 162-165", 47% yield) of the desired product: IR (KBr): 1740 cm-I 
(s, CEO); 'H-NMR (CDC13): 6 5.23 (s, 1, CH=C), 4.2 (q, J = 7 Hz, 4, 
CH~CHZO),  4.2-3.6 (m, 2, O.LCCHN), 3.50-2.65 (m, 4, CHzS), 1.55 ( s ,  3, 
CHR-C(N)S), 1.3 (t, J = 7 Hz, 6, CHzCHrO), 1.03 (s, 3, CH3-C), 0.85 
(s, 3, CH3-C), 2.6-0.6 (m, 19, CH2 and CH); I3C-NMR (CDC13): 6 171.9 
and 172.0 (COz), 148.9 ((2-5) and 122.9 ('2-4); [a]55 = -24" (C = 0.63, 
CHCI3). 


Anal.-Calc. for C ~ ~ H ~ B N Z O ~ S ~ :  C, 64.54; H, 8.39; N, 4.86. Found: C, 
64.59; H, 8.46; N, 4.88. 


Preparat ion of 4-Pregnene-20-one-3-spiro-2'-(4'-ethoxycar- 
bonyl-l',3'-thiazolidine) (1Xb)-Compound VIIIa (1.0 g) was heated 
in 25 ml of 80% acetic acid at  65" for 3.5 min then quickly neutralized with 
400 ml of ice cold water containing 25 g of sodium bicarbonate. The SUS- 
pension that resulted was filtered and dried to give 0.41 g of a white solid 
which was about 65% pure. The solid was crystallized from ethanol (7 ml) 
to give 0.22 g (mp 131-135", 28% yield) of the desired product; IR (KBr): 
1735 and 1700 cm-' (s, C=O); 'H-NMR (CDC1:d: 6 5.30 (s, 1, CH=C), 
4.23 ( y , J  = 7 Hz, 2, CH&H20), 4.4-3.9 (m, 1, OzCCHN), 3.6-2.8 (m, 2, 


3, CH:,-C), 0.63 (s, 3, CH3-C), 2.8-0.6 (m, 19, CH2 and CH); 13C-NMR 
(CDCl3): 6 209.7 (C-20), 171.9 (Con), 148.7 (C-51, and 123.1 (C-6); [a]$ 


Anal.-Calc. for C26H39N03S: C, 70.07; H, 8.82; N, 3.14. Found: C, 
70.00; H, 8.89; N, 2.55. 


Preparat ion of 5-Andostrene-17j3-ol-3-spiro-2'-(3'-methyI-l',3'- 
thiazolidine) (VI1)-N-Methylaminoethanethiol (1.3 g, 0.014 mole) 
was warmed to its melting point, 2.0 g (0,0069 mole) of testosterone was 
added, and the mixture was heated a t  -130O for 40 min. The mixture was 
dissolved in methylene chloride (80 ml), and the solution was washed with 
water (40 ml), separated, dried over sodium sulfate, and concentrated 
to give an orange gum. The gum was extracted with 50 ml of refluxing 
cyclohexane. The cyclohexane was concentrated to 15 ml and cooled to 
give 0.67 g (mp 112-123", 2770 yield) of the desired thiazolidine: TLC 
(silica gel, ether) R, 0.30; IR (KBr): 3400 cm-' (m, OH); 'H-NMR 
(CDCI:)): 6 5.5-5.3 (m, 1, CH=C), 3.67 (t, 1, J = 7 Hz, CH-OH), 3.5-3.17 
(m,  2, CH2-N), 3.17-3.77 (m, 2, CHz-S), 2.37 (s, 3, CH3-N), 1.05 (s, 
3 ,  CHL3--C), 0.78 (s, 3, CH3-C), and 2.7-0.8 (m, 20, O H ,  CH2-- and CH); 
l:'C-NMR (CDCI:& 6 140.6 (C-5) and 122.5 (C-6). 


Anal.-Calc. for CpzH35NOS: C, 73.07; H, 9.75; N, 3.87. Found: C, 73.19; 
H, 9.41; N, 3.88. 


The filtrate was concentrated to 5 ml, the cyclohexane was decanted 
from some gum that precipitated, and t.he cyclohexane was concentrated 
to dryness to give an additional 0.80 g (32% yield) ofthe desired product 
as a foam which was identical with the crystalline material by TLC, NMR, 
and IR. 


~-Pregnene-20-one-:i-spiro-2'-(3'-methyl-l',:~'-thiazolidine) (XVII)  
was prepared in a similar manner (mp 149-151", from hexane, 25% yield); 
IR (KBr): 1710 cn- '  (s, CEO); 'H-NMR (CDC13): 6 5.5--5.2 (m, 1, 
CH=C),2.%3.5 (m.4,CHZ-N),2.33 (~,3,CH3-N),2.13 (s,3,CH3CO), 


CHzS), 2.15 (s, 3, CH3-C=O), 1.3 (t, 3, J = 7 Hz, CH:$H20), 1.03 (s, 


= t98'  (C = 0.47, CHC13). 


1.03 (s, 3, CH:r-C), and 0.63 ( s ,  3, CHsC). 
Anal.-Calc. for C~IIHI~NOS: C. 74.36: H, 9.62; N. 3.61. Found: C, 74.60; _. 


N, 9.80; H, 3.45. 
Preparation of 5-Pregnene-20-one-3-spiro-2'-( l',f'-thiazolidine) 


(XII1)-A mixture of 3.14 g (0.01 mole) of progesterone and 6.7 g (0.06 
mole) of 2-aminoethanethiol hydrochloride was suspended in 20 ml of 
pyridine overnight a t  room temperature under a nitrogen atmosphere. 


XVIII 


The suspension was concentrated in uacuo. The residue that resulted 
was partitioned between methylene chloride-water (100150 ml). The 
methylene chloride layer was dried over sodium sulfate, concentrated, 
and the residue triturated with 10 ml of warm methanol. Almost all of 
the residue went into solution. After the suspension had cooled, i t  was 
filtered to give 1.72 g (mp 127-136", 46% yield) of the desired compound: 
TLC (silica gel, ether) H I  0.20; IR (KBr): 3300 (w, N-H), and 1700 cm-' 
(s, CEO); 'H-NMR (CDC13): 5.5-5.2 (m, 1, CH=C), 3.6-2.9 (m, 4, 


CH3-C) and 2.9-0.6 (m, 21, CH2, CH and NH); [a]:: = t104" (C = 0.51, 


AnaLCalc.  for C Z ~ H ~ ~ N O S :  C, 73.94; H, 9.44; N, 3.75. Found: C, 73.69; 
H, 9.80; N, 4.00. 


Compounds V and VI were prepared in a similar manner. Their NMR 
and 1R spectra were consistent with the assigned structures. 


5-Androstene-l7fl-o/-3-spiro-2'- (I',3'-thiazolidine) (V1)-TLC (silica 
gel, ether) Rf  0.24; [a]@ = +83" (C = 0.57, CHC13). 


Anal.-Calc. for C21H33NOS: C, 72.57; H, 9.57; N, 4.03. Found C, 72.56; 
H, 9.23; N, 4.03. 


5-Androstene - I7/3-propionylory-3-spiro-2'- (1 ',3'-thiazolidine):V- 
mp 152-157" (from methanol, 71% yield); TLC (silica gel, ether) Rf 0.16; 


Anal.-Calc. for C24H37N02S: C, 71.41; H, 9.24; N, 3.47. Found: C, 
71.32; H, 9.38; N, 3.15. 


Preparat ion of [4-14C]-VIIIa and XI-[4-14C]Progesterone (100 
mg, 100 $3) was mixed with 1 g of cysteine ethyl or hexyl ester hydro- 
chloride in 2 ml of pyridine. The systems were purged with nitrogen and 
then stirred overnight under nitrogen. The reaction mixtures were dis- 
solved in 50 ml of ether and extracted with 25 ml of water. The water 
layers were extracted with an additional 50 ml of ether. The two ether 
layers were combined, dried over magnesium sulfate and evaporated. 
Methanol (10 ml) was added to each residue and after they were cooled 
the solutions gave 47 mg of VIIIa from the reaction with the ethyl ester 
and 114 mg of XI from the reaction with hexyl ester. Both thiazolidines 
were analyzed by radiochromatograph and found to he homogeneous 
(VIIIa, R/ = 0.8; XI, RI = 0.7) using silica gel and ether. 


SCH2-CH2-N), 2.11 (s, 3, CH3C=O), 1.03 (s, 3, CH3-C), 0.63 (s, 3, 


CHCI:J. 


[n ]g  = +69' (C = 0.52, CHCI3). 


RESULTS AND DISCUSSION 


Chemistry-The synthesis and biological activity of the thiazolidines 
of hydrocortisone and hydrocortisone derivatives have been described 
recently (4). Similar reaction conditions were used in this study except 
for the preparation of the N-methylthiazolidines and the 4,5-double bond 
isomers of the mono- and dithiazolidines of progesterone, where special 
reaction conditions were necessary. As in the hydrocortisone series, the 
product from the reaction of cysteine with the steroids could not be iso- 
lated. However, as opposed to the hydrocortisone series where only one 
thiazolidine isomer was obtained from the reaction with the cysteine 
esters or an aminoethanethiol, testosterone and progesterone gave two 
series of thiazolidine isomers. The simplest case was the testosterone 
series. The reaction between testosterone 17b-propionate and cysteine 
ethyl ester hydrochloride gave two isomers, la and I b  (Table I) which were 
separated by fractional crystalization from ethanol. The elucidation of 
the structures of these isomers was reported recently', and it was shown 
that the isomers are the 4,5- and 5,6-double bond isomers as indicated 
by their optical rotations and 'H- and WC-NMR spectra when compared 
with known 4,5- and 5,6-double bond isomers of 3-ethylene ketals and 
with each other. Although testosterone also gave two double bond isomers 
from its reaction with cysteine ethyl ester hydrochloride, only the 5.6- 
double bond isomer IIa could be isolated in pure form. 


Similar react,ions of progesterone could be directed to give either the 
5,6-double bond mono-3-thiazolidine IXa or di-3,20-thiazolidine VIIIa 
by using either one or six equivalents, respectively, of cysteine ester hy- 


4 K. B. Sloan. N.  Bodor, and R. d. Little, Tetrahedron. iii press. 
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Table 111-Total Radioactivity (Disintegrations per Minute) in Blood a after Intravenous Administration to Dogs of 2.5 WCi of 
Progesterone and XI 


Time, hr 
Dog Drug 0.08 0.16 0.25 0.5 0.75 1.0 1.5 2 4 6 8 12 24 


1 Progesterone 1084 564 564 394 384 264 172 144 80 27 - 34 10 
1 XI 85 16 0 0 11 3 6 20 13 10 0 7 0  
2 Progesterone 1177 917 666 509 387 365 278 273 80 105 78 62 33 
2 XI 156 58 49 57 68 43 57 60 55 29 - 50 27 


a 4-ml sample. In  100 pl of henzyl alcohol. 8 X mole. 8.14 X mole. 


drochloride. No significant amounts of the 4,5-double bond isomers VIIIb 
and IXb were observed in these crude reaction mixtures based on an 
analysis of the shape and position of the CH=C absorption in the 'H- 
NMR spectra. Since the thiazolidines decomposed on TLC plates and 
during column chromatography, analysis of the 'H-NMR spectra of the 
isomers was the only reliable means of qualitatively determining the 
extent of the reactions and ratio of isomers. On the other hand, when 
butyl, hexyl, or decyl cysteine ester hydrochlorides were used instead of 
the ethyl ester, mixtures of the double bond isomers were isolated, or the 
4,5-double bond isomer was the predominant isomer in the mixture (X, 
XI, and XII, Table I). 


The preparation of the 4,5-double bond isomer VIIIb from the reaction 
of cysteine ethyl ester with progesterone was accomplished without an 
acid catalyst necessary for the 4,5 - 5,6 migration by using the free base 
rather than the hydrochloride of cysteine ethyl ester. 


In the second case (IXb), the successful synthesis was based on the 
observation of the iminium ion XVIII (9) as an intermediate in the UV 
monitored hydrolyses of the 4,5-double bond thiazolidines (4). This 
suggested that generation of the iminium ion followed by quenching of 
the reaction with base would result in recyclization of the imine to the 
thiazolidine, without concomitant reisomerization of the double bond 
to the 5,6-position. Indeed, when VIIIa was treated with aqueous acetic 
acid at  65" for 3.5 min, then with cold aqueous bicarbonate, a mixture 
of progesterone and IXb was obtained from which IXb was easily isolated 
by crystallization from ethanol. 


The success of the partial hydrolysis reaction to generate IXb was 
based in part on the observation that the 20-ketone thiazolidine hydro- 
lyzed faster than the 3-ketone thiazolidine. This was not surprising since 
in addition to suggesting that the thiazolidine of a,P-unsaturated ste- 
roidal ketones could not be isolated, a previous report (10) suggested that 
thiazolidines of 17- and 20-steroidal ketones could not be obtained from 
the base catalyzed reaction of cysteine with the steroid. Thus, it was ex- 
pected that both ketones would be difficult to derivatize for progesterone. 
In addition, the formation of the iminium ion XVIII from the 5,6-double 
bond isomer VIIIa obviously could not be instantaneous because the 
double bond had to isomerize to the 4,5-position. Hence, the reaction time 
of 3.5 min was not only essential to ensure the complete conversion of 
VIIIo to XVIII, but it also allowed more time for the complete hydrolysis 
of the 20-ketone thiazolidine to take place. 


Since the 4'-ethoxycarboxyl group is electron withdrawing, the 4' un- 
substituted thiazolidines were prepared in an attempt to improve the 
hydrophilicity of the thiazolidines by increasing the pKa of the amine 
group, thus increasing the concentration of the conjugate acid of the 
thiazolidine at  any pH. Since the rate of hydrolysis of thiazolidines is 
directly related to the pKa of the amine group ( l l ) ,  a 4'-unsubstituted 
thiazolidine (e.g., XIII) was expected to be more easily hydrolyzed than 
the 4'-alkoxycarbonyl thiazolidines (e.g., IXa). However, it was also ex- 
pected that if the 4'-position was left unsubstituted, and an alkyl group 
was introduced into the 3'-position of the thiazolidine, it would be as 
soluble as the 4'-unsubstituted thiazolidine, and would also be more stable 
(11). 


The 4'-unsubstituted thiazolidine XI11 was prepared from the reaction 


Table IV-Excretion of Progesterone and Its Metabolites in 
Urine after Intravenous Administration of [4-'4C]Progesterone a 
and [4-'*C]-XI to Dogs 


pCi 
Dog Drug 0-24 hr 24-48 hr Total pCi (% Dose) 


1 XI 0.027 0.036 0.063 (2.5%) 


2 XI 0.033 0.038 0.071 (2.8%) 


1 Progesterone 0.71 0.13 0.84 (34%) 


2 Progesterone 0.84 0.015 0.85 (34%) 
~ 


a 2.5 mg of 1 pCi/mg progesterone (2.5 pCi) 100 p l  henzyl alcohol; 8 X 10-2 M 
5.6 mg of 0.446 pCi/mg XI (2.5 pCi) in 100 pI benzyl alcohol, 8.14 progesterone. 


x 10-2 M XI. 


of progesterone with six equivalents of aminoethanethiol hydrochloride 
in pyridine. Only the monothiazolidine was obtained even when 12 
equivalents of the aminoethanethiol was used. Inspection of the positions 
of the 18-CH3 and 19-CH3 absorptions in the NMR spectra of the crude 
reaction mixtures showed that XI11 was the only product present, even 
before work-up. The 18-CH:( absorption shifted from 40 t.o 38 to 51 Hz 
in going from progesterone to the 3-mono IXa to the 3,20-dithiazolidine 
VIIIa while the 19-CH3 absorption shifted from 71 to 62 Hz in going from 
progesterone to the mono-3-IXa and the di-3,20-thiazolidine VIIIa. Thus, 
the position of the 18- and 19-CH3 absorptions a t  38 and 62 Hz and the 
20-CH3 a t  127 Hz in the NMR spectrum of XI11 indicated only mono- 
3-thiazolidine formation. 


Use of the aminoethanethiol rather than the hydrochloride in the re- 
action did not result in the preferential formation of the 4,5-double bond 
isomer. In fact, it was difficult to determine that XI11 was the 5,6-double 
bond isomer. Because of the large number of scans necessary to obtain 
the I3C-NMR spectra, deuterochloroform samples of XI11 decomposed 
significantly before a satisfactory spectrum could be obtained. The 
structure of XI11 was established from its 'H-NMR spectrum, which 
showed the broad multiplet expected for 5,6-double bond isomers', and 
from the I3C-NMR spectrum of its N-acyl derivative ( X V  141.0, C-5; 
121.7, C-6)3. Although it is conceivable that XIII was actually the 4,5- 
double bond isomer which then underwent isomerization upon acylation, 
none of the 4'-substituted or unsubstituted 4,5-double bond thiazolidine 
isomers gave any N-acylthiazolidine (only hydrolysis  product^)^ 
suggesting that XI11 was not the 4,5-double bond isomer. It was also 
possible that XI11 was a mixture of the two isomers and that the 4,5- 
double bond isomer hydrolyzed and the 5.6-double bond isomer was ac- 
ylated. This would explain the rather low yields of the N-acylthiazolidine 
from these reactions. However, the lH-NMR spectrum of XIII is con- 
sistent with the presence of only the 5,6-double bond isomer. 


The testosterone and testosterone 17@-propionate 4'-unsubstituted 
thiazolidines were prepared in the same manner as the progesterone 
analogs. The structures of the testosterone and testosterone propionate 
derivatives were determined from their 'H-NMR spectra and the '3C- 
NMR spectra of their N-acyl derivative$. 


Attempts to prepare the N-methyl thiazolidines of progesterone and 
testosterone using the conditions previously used to prepare the other 
thia~olidines ' .~ were unsuccessful. In addition, although azeotropic dis- 
tillation using p-toluenesulfonic acid in benzene as a catalyst was partially 
successful, an acid catalyst failed to drive the reaction between the steroid 
and N-methylaminoethanethiol(12) to completion. Furthermore, it was 
impossible to separate the unreacted starting material from the thiazo- 
fidine by crystallization or chromatography since excessive decomposition 
of the thiazolidine occurred in both cases. Finally, it was discovered that 
the reaction could be driven t.o completion by heating a mixture of the 
steroid with N-methylaminoethanethiol (two equivalents) at  about 130° 
for 30 or 40 min. The products could then be conveniently isolated by 
crystallization. As in the ot,her 4'-unsubstituted case, the only isomer 
obtained was the 5,6-double band isomer VII, determined by comparison 
of its I3C-NMR spectrum (carbon absorptions a t  6 140.6 and 122.5) with 
t,hat of other 5,6-double bond isomers4. The 'H-NMR spectrum of the 
crude reaction product was ident.ical to that of the pure product. 


The preparation of the N-acyl thiazolidines XIV, XV and XVI via 
direct acylation has been described separately3. Thiazolidines 111, IV, 
X, XI, and XI1 were prepared by substituting the appropriate cysteine 
ester for cysteine ethyl hydrochloride in the usual reaction conditions. 


Although the hydrolysis of thiazolidines in buffers has been carefully 
studied already (1 1 ), their hydrolysis in plasma has not been reported. 
Table I1 shows the hydrolysis rates of some selected thiazolidines. The 
rates were obtained by following the appearance of progesterone so the 
values are qualitative, especially when considering the dithiazolidines 
VIIIa, VIIIb, and XI, where two separate rates corresponding to the 
hydrolyses of the 3- and 20- thiazolidines are involved. However, the data 
does show that the 4.5-double bond isomers release progesterone 2.5 to 
3.5 times faster than the 5,6-double bond isomers and the 4'-unsubsti- 
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Table V-Distribution of [4-lJC]Progesterone, XI, and  VIII i n  Rats a 1 hr a f t e r  Intravenous Tail Administration * 
Dosage 


Compound mdkg  Progesterone, mg/kg Organ Mean f SE 


Liver 16.25 f 1.33 
Lungs 0.50 f 0.07 


2.91 f 0.39 Blood 
Feces 35.15 f 2.97 


XI 2.21 1.01' Liver 14.22 f 1.13 
Lungs 79.22 f 4.14 
Blood 3.55 f 0.51 
Feces 0.24 f 0.06 


VIIIQ 1.96 1.07? Liver 14.39 f 1.38 
Lungs 60.73 f 1.12 
Blood 2.07 f 0.49 
Feces 2.39 f 0.27 


VIIIa 0.135 0.074' Liver 40.57 f 1.56 
Lungs 22.15 f 1.62 
Blood 18.56 f 2.68 
Feces 16.18 f 4.5 


VIIIa 0.143 0.078d Liver 34.41 f 2.14 
Lungs 20.20 f 1.76 
Blood 5.49 f 0.56 
Feces 5.69 f 0.94 


Dose, Equivalents of % Dose/Organ 


Progesterone 0.98 0.98C 


n = 6. 5 pl henzyl alcohol vehicle. Activity of progesterone 1 pCi/mg. Activity of progesterone 9.47 pCi/mg, n = 4 


tuted thiazolidine about 5 times faster than the 4'-ethoxycarbonyl thia- 
zolidine. 


The low solubility of the thiazolidines in water was very difficult to 
determine accurately. An approximate value was obtained by dissolving 
the thiazolidines in acetonitrile and adding the acetonitrile solution to 
a pH 7.4 buffer solution until turbidity was produced. The suspension 
was then filtered through a millipore 0.2-wm filter and the filtrates were 
decomposed with acid and analyzed by UV for progesterone. No mea- 
surable water solubility was observed for the 3,20-dithiazolidines using 
this technique. The mono-3-thiazolidine XI11 was about as soluble as 
progesterone (5 mg/liter) and the mono-3-thiazolidine IXb was about 
one-third as soluble. 


Biology-Preliminary pharmacokinetic studies on the t.hiazolidines 
were concerned with determining their bioavailability and their distri- 
bution. 4-14C-Labeled VIIIQ and XI were synthesized for this purpose 
from [4-'~CC]progesterone. Initially, XI was given intravenously as a benzyl 
alcohol solution (0.1 ml) to two female beagle dogs in a crossover study. 
The results are shown in Tables 111 and IV. Table 111 shows that the level 
of [4-14C)steroid found in the dog's blood after administration of pro- 
gesterone itself was usually at least one order of magnitude higher than 
that after administration of [4-14C]-XI in the first few minutes after in- 
jection. Samples that were taken over several days after injection showed 
little consistent variation in the level of radiolabeled steroid from either 
progesterone or XI. Moreover, Table IV shows that the higher blood levels 
of [4-14C]steroid obtained from progesterone compared to XI resulted 
in higher levels (about one order of magnitude) of excreted [4-14C]ste- 
roid. 


Obviously, the pattern of distribution of XI and its parent compound 
were very much different. Consequently, whole animal distribution 
studies were run to determine where the labeled steroid was going. Table 
V shows the distribution results in rats ( n  = 6) from intravenous tail in- 
jections of labeled progesterone VIIIQ and XI as benzyl alcohol solutions; 
benzyl alcohol was used as a vehicle to be consistent with the dog study. 
Only the data for the four major distribution sites are given in Table V, 
but the total recovery of labeled material was 6670 for progesterone, 75% 
for VIIIQ, and 100% for XI. 


Table  VI-Androgenic Test a 


Total 
Dose, 


Compound mg 


Testosterone 16.0 
32.0 
64.0 


VII -1.0 
8.0 


16.0 
Vehicle 


Seminal Vesicle Ventral Prostate 
Weight, mg Weight, mg 


14.0 f 2.0 
13.4 f 1.2h 
28.9 f 3.2 
8.2 f 0.4 
9.9 f 0.6 


15.8 f 0.8 
6.4 f 0.3 


38.5 f 2.5 
45.7 f 2.0 
67.1 f 2.5 
39.9 f 1.9 
45.7 f 2.5 
50.9 f 3.4 
8.3 f 0.5 


a The compounds were given orally as a suspension in sesame oil daily for 10 days 
starting on day of castration using 10 ratddose. * Unusually low value compared 
to data at same concentration in all other control experiments (17.0 f 1.7 mg). 


The finding of extremely high concentrations in the lung when the 
thiazolidines were injected is rather surprising. It did not seem to be an 
artifact and, if real, might have specific importance in site-specific drug 
delivery. The reason for the high concentration can be related to the fact 
that it was found that in a number of species (rabbit, rat, hamster); the 
mixed function oxygenase activity is a t  least one order of magnitude 
higher in the lung than in the liver (13). On the other hand, the impor- 
tance of cysteine residue (14) in some slow reacting substance of ana- 
phylaxis implies its more complex involvement in drug binding (through 
its -SH function) than originally believed. 


None of the progesterone derivatives which were given orally or sub- 
cutaneously had even one-tenth the activity of a subcutaneous dose of 
progesterone in the Clauberg test. Although some of the testosterone 
thiazolidines had marginal activity in androgenic tests, their dose re- 
sponse curves were not parallel with those of the standard (e .g . ,  the parent 
steroid), so no estimation of their potency was possible. However, one 
derivative, VII, the N-methylthiazolidine of testosterone, was definitely 
more active than its parent steroid. The data for VII are presented in 
Table VI. I t  is representative of the data for the other thiazolidines in that 
it shows that the two dose response curves are not parallel. 


Compound VIIIQ also was applied topically to hairless mice to see what 
effect the thiazolidine had on the residence time of the steroid in a bio- 
logical membrane, as progesterone was found to show activity in con- 
trolling acne (15). Thus, a stronger binding pro-progesterone would have 
longer effect and reduced systemic activity. The results of the compar- 
ative percutaneous absorption and distribution of labeled steroid from 
doses of VIIIQ and progesterone are shown in Table VII. Those results 
show a remarkable tendency of the thiazolidine VIIIa to increase the 
relative amount of labeled steroid in the skin. Whether this tendency is 
due to the greater lipophilicity of the thiazolidines or to the possible 
formation of disulfide bonds from the interaction of the ring-opened 


Table VII-Dermal Delivery of Progesterone and  VIIIa 


Progesterone", VIIIQ b ,  


% Dose % Dose 
Mean f SE' Mean f SE 


Feces 16.65 f 1.75 
Urine 7.00 f 1.14 
Skin circled 1.98 f 0.10 
I n t e s t i d f a t  2.28 f 0.47 
Liver 0.75 f 0.06 
Blood 0.08 f 0.02 
Kidney/spleen 0.06 f 0.01 
Lung 0.04 f 0.02 
Subtotal 28.74 
Patch' 54.06 f 1.6 
Total 82.80 


0.95 f 0.13 
0.40 f 0.09 
4.52 f 1.18 
0.09 f 0.00 
0.08 f 0.01 
0.28 f 0.04 
0.03 f 0.01 
0.01 f 0.00 
6.36 


83.46 f 1.4 
89.82 


a 75 pl of a solution of 0.9 mg in 675 pl in ethanol-isopropylmyristate (90:lO). 75 
n = 6. 


2-cm diameter plug of epidermis taken directly under the bandage patch (3 cm2). 
Includes the contents of an ethanolic wash of the skin circle after the bandage 


pl of a solution of 1.85 mg in 675 p1 ethanol-isopropylmyristate (9010). 


patch was removed. 
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thiazolidine with thiol groups in the skin cannot be determined a t  this 
time. 


Thus, a series of thiazolidine derivatives of progesterone and testos- 
terone were prepared and characterized. Except for VII the thiazolidines 
were found to be inactive or less active than their parent steroids in ani- 
mal models. This lack of activity can be explained by the rapid distri- 
bution of the thiazolidines out of blood followed by a slow release of the 
parent, such that the biological concentration of steroid is always too low 
to be biologically effective. 
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Abstract  0 A new high-performance liquid chromatographic (HPLC) 
method was developed for the analysis of bumetanide in plasma and 
urine. A reversed-phase column was fitted to the instrument and fluo- 
rescent (excitation X = 338 nm, emission X = 433 nm) and UV (254 nm) 
detectors were utilized to monitor simultaneously bumetanide and the 
internal standard, acetophenone, respectively. The assay is rapid, sen- 
sitive, and specific. Plasma bumetanide concentrations can be detected 
as low as 5 ng/ml using a 0.20-ml sample. Time-consuming extraction 
and/or derivatization steps are not required. The only clean-up procedure 
involved is the precipitation of plasma proteins with acetonitrile. 


Keyphrases Bumetanide-high-performance liquid chromatographic 
determination in plasma and urine High-performance liquid chro- 
matography-determination of bumetanide in plasma and urine Di- 
uretics-bumetanide, determination in plasma and urine by high-per- 
formance liquid chromatography 


Bumetanide (3-n-butylamino-4-phenoxy-5-sulfamoyl- 
benzoic acid) is a new, high-ceiling diuretic with a phar- 
macological action similar to furosemide (1-4). However, 
on a molecular weight basis, bumetanide is 40-60 times 
more potent (1-4). Studies describing the pharmacoki- 
netics and disposition of bumetanide have been sparse due 
to the lack of a sensitive and specific assay method. Fluo- 
rimetric (l), GLC (5), radioactive (6,7), radioimmune (8), 
and high-performance liquid chromatographic (HPLC) 
(9) assays currently are available for the determination of 
bumetanide in biological fluids. However, all of these 
methods have inherent disadvantages, including time- 
consuming extraction, derivatization, or incubation steps 


(1, 5-9), large sample requirements (1,5-7,9), poor sen- 
sitivity (1,5), or lack of specificity (1,8). 


Therefore, a rapid, sensitive, and specific HPLC assay 
was developed, without requiring prior extraction and/or 
derivatization, for the measurement of bumetanide in 
plasma and urine. The analytical method is suitable for 
bioavailability and pharmacokinetic studies in dogs and 
human subjects. 


EXPERIMENTAL 


Chemicals-Bumetanide’, acetophenone2, acetic acid3, and phos- 
phoric acid4 were used as received. The methanol3, acetonitrile5 (glass- 
distilled), and deionized water6 were filtered and degassed prior to 
use. 


Standard Solutions-Bumetanide (4.12 mg) was dissolved in 50% 
acetonitrile-distilled water to yield a stock solution of 41.2 Fglrnl. This 
stock solution was diluted 20- (2.06 pg/ml) and 100-fold (0.412 pg/ml) 
to give the working standard solutions for urine and plasma, respectively. 
Acetophenone was diluted in 50% acetonitrile-distilled water to yield 
a 0.50 mg/ml stock solution for urine and a 0.25 mg/ml stock solution for 
plasma. 


Instrumentation-Samples were analyzed using a high-performance 
liquid chromatograph7 equipped with a U6-K universal injectors, a flu- 


’ Hoffmann-La Roche, Nutley, N.J. 
Sigma Chemical Co., St. Louis, Mo. 
Baker Analyzed Reagent, J. T. Baker Chemical Co., Phillipsburg, N.J. 
Certified ACS, Fisher Scientific Co., Fair Lawn, N.J. 
MCB Manufacturing Chemists, Cincinnati, Ohio. 
Milli-Q Reagent-Grade Water System, Millipore Corp., Bedford, Mass 
Model 6000A, Waters Associates, Milford, Mass. * Model U6-K, Waters Associates, Milford, Mass. 
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This article reviews the current status of the most 
promising areas of research and development on vitamin 
D during the last 15 years. Many pharmacists are involved 
in the manufacture and sale of vitamin D preparations, yet 
few are aware of the enormous scientific effort that was 
expended to find that vitamin D is inactive per se and that 
its biological activity is primarily due to one of its metab- 
olites. Since this metabolite acts in true hormonal fashion 
vitamin D is now considered by biochemists as a prohor- 
mone. The findings of the mode of action of vitamin D are 
well documented. 


In the early 1920's, cod liver oil was known to cure rickets 
and xerophthalmia. The name vitamin D was given to the 
antirachitic substance in cod liver oil (1-3), and differen- 
tiated from vitamin A by the fact that vitamin A activity 
in the oil was lost by heating while that of vitamin D was 
not. Hess and Steenbock discovered, independently (4-7), 
that the antirachitic activity of this vitamin could be in- 
duced by UV irradiation of rachitic animals or their food. 
Steenbock's discovery that antirachitic activity could be 
induced by irradiation of foods, particularly of the sterol 
fraction, ultimately led to the identification of the struc- 
ture of vitamin D and to the eradication of rickets as a 
major medical problem (5 ,6 ,8 ) .  


It was later discovered that vitamin D occurs in two 
active forms, ergocalciferol and cholecalciferol. Ergocal- 
ciferol is the synthetic form derived by the irradiation of 
ergosterol and is designated as vitamin D2 (9,lO). Chole- 
calciferol, the natural form, was identified (11, 12) and 
designated as vitamin D3. Vitamins D2 and D3 are equally 
active in humans and other mammals, but D2 is virtually 
inactive in birds. Thus, poultry feeds must be fortified with 
D3. 


BIOSYNTHESIS OF VITAMIN D3 


Vitamin D3 is synthesized in the skin from 7-dehydro- 
cholesterol (7-DHC) when the skin is exposed to sunlight. 
Okano et al. (13) first demonstrated this when they irra- 
diated skins from vitamin D-deficient rats and isolated 
vitamin D3 from saponified skin extracts. The sequence 
of steps leading to the cutaneous photosynthesis of vitamin 
D3 from 7-DHC was recently demonstrated (14). In Cau- 
casian skin, all of the epidermal strata contain 7-DHC, but 
the highest concentration is in the stratum basale and the 
stratum spinosum. 


When irradiated, 7-DHC is photochemically converted 
by a fast reaction to previtamin D3 throughout the epi- 
dermis and the dermis. Once formed in the skin, previ- 
tamin D3 is isomerized to D3 by a slow nonphotochemical 
rearrangement a t  a rate dictated by skin temperature. At  
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Scheme I-Diagram of the formation ofpreuitamin D3 in the skin, its thermol conuersion t o  vitamin D3, and transport by binding protcins ( D R P )  in plasma into the 
general circulation (Ref.  14 ) .  


37 f 1" this thermal reaction is more rapid in uiuo than in 
oitro. This difference is presumed to be due to the removal 
of vitamin D3 by a specific binding protein from the skin 
into the circulating blood. Thus the skin serves as the site 
for the synthesis of 7-DHC, a reservoir for the storage of 
the primary photoproduct, previtamin D3, and the organ 
where the slow thermal conversion of previtamin D3 to 1)s 
occurs. The third process permits the skin to continuously 
synthesize D3 and release it into the circulation for up to 
3 days after a single exposure to sunlight. Scheme I illus- 
trates this sequence of events. 


COMMERCIAL VITAMIN D 


Vitamins D2 and D3 are prepared commercially by ir- 
radiation of the provitamins ergosterol and 7-DHC, re- 
spectively. The resulting previtamins are isolated and 
heated under carefully controlled conditions to produce 
the respective vitamins. A number of by-products are 
formed during these irradiation and heating steps, some 
of which are removed during the final cleanup steps. 
Scheme I1 shows the known degradation products (15,16) 
that may be present in the synthetic vitamin D concen- 
trates. Some of the by-products have biological activity, 
but others such as lumisterol, the suprasterols, and the 
pyro- and isopyrocalciferols have no antirachitic activity. 
Tachysterol and transivitamin D have only slight antira- 
chitic activity. Thus, biological activity is primarily due 
to vitamin D and previtamin D (17). The biological activity 
of previtamin D is attributed to its in uiuo conversion to 
vitamin D (18). 


Vitamin D is a 9,lO-seco steroid and is treated as such 
in the numbering of its carbon skeleton. The important 
aspects of vitamin D chemistry center about its cis-triene 
structure. This structure gives vitamin D and related 
compounds a characteristic UV absorption maximum at 
265 nm and a minimum at 228 nm. An index of purity of 
the vitamin D compounds is a value of 1.8 for the ratio of 
the absorbance at  265 nm to that at  228 nm. The cis-triene 
structure makes vitamin D and related compounds sus- 
ceptible to oxidation and other chemical transformations. 


Under even mild acidity, it isomerizes to form the 5,6- 
trans -isomer and isotachysterol. Upon mild heating, the 
5,6-truns-vitamin D is converted to isovitamin D. At  higher 
temperatures, vitamin D is converted to the pyro, isopyro 
and the supra forms. All of these transformation products 
have lower biological activity than vitamin D. 


It was mentioned earlier that vitamin D exists in thermal 
equilibrium with previtamin D. Studies showed that the 
amount of previtamin formed and the rate of equilibration 
markedly increased with time between 0 and 100" (19,20). 
Vitamin D concentrates are available commercially in a 
resin form, as a solution in peanut oil, and as a dry con- 
centrate in a gelatin beadlet matrix. The vitamin D con- 
centrates usually contain other fat soluble vitamins, 
especially vitamin A. Therefore, in the analysis of vitamin 
D concentrates and multivitamin products, the vitamin 
D must be released and separated from other fat-soluble 
vitamins prior to its determination. This is accomplished 
by an alkaline saponification followed by suitable chro- 
matographic steps to purify the vitamin D from interfering 
ingredients. 


Because of the thermal equilibrium with previtamin D, 
there is disagreement regarding the optimum saponifica- 
tion conditions. Most published reports show optimum 
saponification for 20-30 min under refluxing conditions. 
Thompson et al. (21), in their procedure for the analysis 
of vitamin D in fortified milk at  the level of 8.8-11.7 ng/g, 
found that saponification overnight a t  room temperature 
produced negligible loss of vitamin D. 


The instability of vitamin D has been a challenge in the 
isolation, identification, and quantitation of its metabolites 
from biological samples in which their concentrations are 
in the range of 0.02-30 ng/g of the tissues. However, there 
now are fairly reliable methods for the isolation and 
analysis of all major metabolites of vitamin D. Vitamin D 
and its metabolites can be kept stable in the dry form in 
an inert atmosphere and protected from light in a freezer. 
In solution it is stable in nonacidic vegetable oils and in 
certain organic solvents containing an antioxidant such as 
a-tocopherol (Vitamin E) and stored in the same condi- 
tions as the dry form. 
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Scheme 11-Photochemical, thermal, and chemical reaction pathways in the synthesis of uitamin D ( R e f s .  15, 16, and 176). 


The original reference standard of vitamin D was a so- 
lution of irradiated ergosterol in olive oil. The present in- 
ternational standard is a solution of pure crystalline 
cholecalciferol in olive oil containing 0.025 pg/l mg of so- 
lution. One international unit (IU) is equivalent to 0.025 
pg of crystalline D3 or 1 pg of D3 is equivalent to 40 IU. The 
USP reference standards are crystalline ergocalciferol or 
cholecalciferol packed in sealed ampuls. The USP stan- 
dards and the international standards are equivalent in 
that 1 pg of each is equivalent to 40 IU. 


METABOLITES OF VITAMIN DS 


For 30 years following its discovery, relatively little was 
known about the synthesis of vitamin D or its metabolic 
fate in humans. It was thought that vitamin D acted di- 
rectly on the target tissues of intestine and bone. However, 
the time lag reported by Carlsson (22) between the ad- 
ministration of vitamin D3 and its physiological response 
appeared to argue against this concept. After intravenous 
administration of 10 IU of vitamin D3, there was a lag of 
10-12 hr before intestinal calcium transport response oc- 
curred (23). This led investigators to suspect that vitamin 


D3 was metabolically altered before it became biologically 
active . 


The transport of vitamin D in blood has been studied 
in considerable detail in animals. It has been shown that 
the chylomicrons and lipoproteins of the blood are initially 
important in the transport of vitamin D (24, 25). It was 
found (25) that upon incubation of blood with radioactive 
vitamin D or immediately following injection into blood, 
as much as 50% of the radioactivity in the blood was asso- 
ciated with the lipoprotein fractions. However, as time 
passed there was progressive shift of the radioactivity from 
the lipoprotein to the a2-globulin fraction. The nature of 
the bindigg between vitamin D and this protein fraction 
is not known, but it appears that the vitamin is not easily 
dissociated from this protein. I t  was shown (26) that with 
time, after vitamin D absorption, there is a decreasing 
association of vitamin D with lipoproteins and an increased 
association with other protein fractions. The association 
of vitamin D activity with q- and az-globulin fractions of 
plasma was clearly demonstrated (27, 28). 


25-Hydroxyvitamin Ds-Major developments in the 
metabolic study of vitamin D3 came after radiolabeled 
compounds with high specific activities were synthesized. 
Selective 3H-labeled and random 14C-labeled vitamin D3 
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Scheme III-Schematic pathway of vitamin D metabolism. 


were prepared in the mid-1960's and used successfully in 
the isolation and identification of its major metabolites. 
Other factors that contributed to this success were the 
development of milder extraction procedures and novel 
chromatographic techniques. 


Norman et al. (29) administered [3H]vitamin D orally 
and intraperitoneally to rats and then extracted the kid- 
ney and intestinal tissues with a mixture of methanol- 
chloroform as described by Bligh and Dyer (30). After 
chromatography on silicic acid columns and thin-layer 
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Figure 1-Silicic acid chromatography of vitamin 0 3  and its metabo- 
lites. Peaks I I I  and I are vitamin D and its esters, respectively. Peaks 
IVa and Vare  unidentified at this time, and peak IVis 25-hydroxyui- 
tamin D3. (Ref. 32). 


plates, at least three other chloroform-soluble radioactive 
compounds were detected, all of which showed partial vi- 
tamin D activity. The aqueous methanol-soluble radio- 
active compounds were totally without vitamin D ac- 
tivity. 


Biologically active metabolites of vitamin D were found 
(31) in the bone, liver, and serum of rats that had been 
given [3H]vitamin D. As before (29), the aqueous-soluble 
metabolites from the tissues and the feces did not have 
vitamin D activity. At least three biologically active me- 
tabolites were isolated from the chloroform-soluble portion 
of the extract. One of these, designated as peak IV, was 
found in large amounts in the liver, blood, and bone. In 
1938 Blunt et al. (32) conducted the classic experiment 
which led to the identification of this major metabolite as 
25-hydroxy-vitamin D3 (25-OH-D3). 


In this experiment, one hog was dosed with [3H]vitamin 
D3 and 800 ml of serum was collected when the peak IV 
radioactivity was expected to peak. Four other hogs were 
maintained on a diet supplemented with 250,000 IU of 
vitamin D3 daily for 26 days. The plasma from these hogs 
(6.8 liters) was treated with ammonium sulfate to precip- 
itate the proteins, which were then extracted with meth- 
anol-chloroform. This extract was combined with a similar 
extract from the serum of the hog that had received the 
[3H]vitamin D3 and subjected to chromatography on a 25-g 
silicic acid column eluted with an ether-Skellysolve B 
gradient followed by ether and finally stripping the column 
with methanol. This chromatographic system is repro- 
duced in Fig. 1, which shows the radioactivity profile of the 
column eluate in order of increasing polarity of the me- 
tabolites. Peaks I11 and I are vitamin D3 and its fatty acid 
esters, respectively. 


The column eluate representing peak IV was purified 
further on a partition column using diatomaceous earth1 
as the solid support, 80:20 methanol-water as the sta- 
tionary phase and Skellysolve B as the mobile phase. In 
this manner, 1.3 mg of the pure metabolite was obtained. 
This metabolite was positively identified as 25-OH-D3 (32) 
by using GLC, UV, NMR, and mass spectrometry. This 
discovery was a milestone in the subsequent identification 
of other metabolites and in our current understanding of 


Celite. 


the physiological roles of these metabolites. Scheme I11 
shows the metabolic pathway of vitamin D and all its 
currently known metabolites. 


Two other groups of investigators (33,34) independently 
found clues to the metabolic hydroxylation of vitamin D. 
It was soon established that 25-hydroxylation of vitamin 
D3 takes place primarily in the liver (35,36) and that 25- 
OH-D3 is the major form of the circulating vitamin in 
human plasma (37) and is the primary metabolite of vi- 
tamin D2 (38). This metabolite has been chemically syn- 
thesized (39). 


Although the liver is the major site of 25-hydroxylation 
of vitamins Dz and D3, there is evidence suggesting that 
it is not the only site. It was shown (40) that homogenates 
of small intestine and kidney from the chick are capable 
of hydroxylating vitamin D3 at position C-25. It was also 
shown (41) that hepatectomized rats can convert vitamin 
D3 to 25-OH-Ds. Initially i t  was believed that the D3-25- 
hydroxylase was located in the mitochondria1 fraction of 
liver cells; however, careful investigation demonstrated 
that it is principally located in the liver microsomes, and 
that the enzymatic reaction is supported by reduced 
NAbPH, molecular oxygen, and magnesium (42). 


Initially, 25-OH-D3 was considered to be the main bio- 
logically active metabolite of vitamin D. But soon it was 
discovered that physiological concentrations of 25-OH-D3, 
like vitamin D3, are incapable of stimulating either intes- 
tinal calcium transport or bone calcium mobilization 
(43-45). 


1,25-Dihydroxyvitamin Da-Earlier work (46) showed 
that the exhaled water from rats dosed with [lc~-~H]vita- 
min D3 contained less radioactivity than the air from 
others dosed with vitamin D3 labeled a t  the 
[24,25,26,27-3Hg] -, [7-3H] -, [6-3H] -, and [3-3H] - positions. 
Lawson et al. (34,47), investigating the nature and local- 
ization of vitamin D metabolites by using [4-14C,la-3H]- 
vitamin D3, discovered a metabolite of vitamin D in the 
chick intestinal nuclei which was more polar than 25- 
OH-D3 and which had lost its tritium group from position 
C-1. This metabolite, designated as peak P, was found in 
varying amounts in liver, kidney, bone, and blood and was 
localized in the intestinal nuclei. 


It was postulated that the peak P metabolite was similar 
to the fraction designated “peak 4B” by Haussler et al. 
(33). The peak P metabolite had at least three times the 
biological activity of an equivalent amount of vitamin D3 
and was derived from 25-OH-D3. However, the site of its 
synthesis was not obvious. Another study (48) established 
that this active metabolite was 1-oxygenated 25-OH-D3 
and that it was produced in the kidney. A short time later, 
Lawson et al. (49) identified peak P to be la,25-dihy- 
droxyvitamin D3 [1,25-(OH)2D3]. This finding was con- 
firmed by other investigators (50, 51) who found that 
1,25-(OH)~Ds was part of peak V in the silicic acid column 
profile of vitamin D metabolites shown in Fig. 1. 


It  is now known that the formation of 1,25-(OH)2D3 is 
feedback regulated depending on the need for calcium in 
the blood. It is also known that 25-OH-D3 is the main cir- 
culating form of all the known metabolites of vitamin D3. 
There is as yet no reliable data on the concentration of 
vitamin D3 in the blood, but it is believed to be very low 
(-2-3 ng/ml). The blood level of 25-OH-D3 was initially 
determined by competitive protein binding methods 
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(52-54) which showed values of 15-38 ng/ml in normal 
humans. Since then, more reliable and precise high-per- 
formance liquid chromatographic (HPLC) methods have 
been developed (55-58) but the mean values were in the 
same range. 


The endogenous level of 25-OH-D3 in the cow was de- 
termined by HPLC (59,60). It was generally in the range 
of 40-58 ng/ml of serum or plasma (mean 48 f 5 ng/ml, n 
= 24), which is higher than that in the human. Following 
a single intravenous dose of 4 mg of 25-0H-D~ to a COW, the 
average serum level declined from a high of 227 ng/ml at  
1-hr postinjection, to 51 ng/ml after 51 days, showing an 
elimination half-life of -10 days (61). These and other 
studies have confirmed the earlier findings that 25-OH-D3 
is the major circulating form of vitamin D in the blood of 
humans and cows. 


The concentration of 1,25-(OH)zD3 in the human serum 
is very low, between 20 and 40 pg/ml. The concentration 
is determined by ligand binding methods after extensive 
cleanup of the serum extract. The most recent procedures 
use fractionization of the extract by HPLC to purify 
1,25-(OH)2D3 from interfering materials prior to quanti- 
tation. Mean plasma values of 35 f 3 (62), 34 f 11 (63), and 
31 f 9 (64) pg/ml were reported in normal healthy adults. 
None was detected in the blood of anephric men (64), 
confirming that 1-hydroxylation takes place in the kidney. 
At the present time, 1,25-(OH)& is considered to be the 
most potent known metabolite of vitamin D controlling 
calcium and phosphorus absorption from the intestine and 
mobilization of these elements from the bone when nec- 
essary. 


Other Metabolites of Vitamin D3-25,26-Dihydror.y- 
vitamin D3--It became known during the isolation and 
identification of %-OH-& that there were other metab- 
olites in certain tissues and blood following administration 
of physiological doses of radioactive vitamin D. Suda et al. 
(65) prepared extracts of hog plasma containing these 
metabolites in a manner similar to the one used by Blunt 
et al. (32). The peak V portion in Fig. 1 was resolved into 
at least three components, designated Va, Vb, and Vc, on 
a second silicic acid column. The Vc portion was rechro- 
matographed on a diatomaceous earth1 partition column 
specially designed for peak V metabolites (66). The Vc 
peak was resolved into four peaks. The major peak Vc3 was 
further purified on a Sephadex LH-20 column and a ra- 
diochemically pure fraction was obtained. This fraction 
was identified as 25,26-dihydroxyvitamin D [25,26- 
(OH)zD3]. This metabolite was about one-half as active as 
25-0H-D~ in the stimulation of intestinal calcium trans- 
port. The concentration of this metabolite is very low in 
the normal human; a value of 0.8 f 0.4 ng/ml has been re- 
ported (67). 


24,25-Dihydroxyuitarnin D3-Omdahl and DeLuca (68) 
reported that the inhibition of intestinal calcium transport 
due to dietary strontium results from a block of the kidney 
hydroxylase which produces 1,254 OH)2D3 from 25-01-I- 
D3. They also found that when the synthesis of 1,25- 
(OH)zD3 was suppressed, a new metabolite appeared 
which behaved like the peak Va metabolite already de- 
scribed. This metabolite is made exclusively by the kidney 
(69, 70) and was identified as 24,25-dihydroxyvitamin 
D3-[24,25-(OH)zD3] (71). This metabolite can be produced 
in uitro by incubating 25-OH-D3 with kidney mitochondria 


from chickens fed a high calcium diet. It can also be pro- 
duced in uivo in hogs. 


Although the structure of 24,25-(OH)& was deter- 
mined (71) and confirmed by synthesis (72), the stereo- 
chemical configuration of the 24-hydroxyl group was not 
known. Tanaka et al. (73) showed that the trimethylsilyl 
ethers of 24R- and 24S-(OH)zD3 could be separated by 
HPLC and that the biologically active form was 24R ,25- 
(OH)zD3. The concentration of this metabolite in the 
plasma of normal animals and humans is low. For example, 
Taylor et al. (74) reported a value of 1.68 f 0.82 ng/ml 
among seven normal volunteers. In these subjects, the 
%-OH-& level was 8.8-35.7 ng/ml. Other investigators 
(62,63,67) have reported values of -2 ng/ml of plasma. 


It was demonstrated (75,76) that under normal or hy- 
percalcemic conditions, 24,25-(OH)zD3 is the major cir- 
culating metabolite of 25-OH-D3. Like 1,25-(OH)zD3, it 
is capable of supporting growth, elevating serum calcium, 
and calcifying bones of rats on a normal calcium, normal 
phosphorus diet. Their data also demonstrated that 
24,25-(OH)zD3 is capable of inducing intestinal calcium 
transport a t  dose levels similar to 1,25-(OH)&. The one 
major difference is that unlike the latter, 24,25-(OH)& 
has little ability to mobilize calcium from the bone’. The 
finding that nephrectomy blocks the biological activity of 
24,25-(OH)zD3 led to the discovery that this metabolite 
can serve as a substrate for 25-OH-D3-1-hydroxylase in the 
kidney, yielding a new, more polar metabolite, 1,24,25- 
trihydroxyvitamin D3. 


1,24,25- Trihydroxyuitamin D3-1,24,25-trihydroxy- 
vitamin D3 [1,24,25-(OH)3D3] was first prepared (77) in 
uitro from tritium-labeled 24,25-(OH)zD3 by incubation 
with chicken kidney homogenates. A total of 50 pg of the 
labeled compound was incubated in 0.5 pg (120,000 
dpm/pg) portions with 1.5 ml of the kidney homogenate 
a t  37O for 30 min. The homogenates were combined and 
extracted as in previous experiments (71). The extract was 
subjected to several column chromatographic steps to 
obtain a radiochemically pure metabolite more polar than 
the starting material. This metabolite was identified as 
1,24,25-(oH)3& by UV and mass spectrometry, and its 
reactivity to periodate treatment. 


The biological activity of 1,24,25-(OH)3D3 parallels the 
biological activity reported for 24,25-(OH)& (76). It is 
preferentially more active in inducing intestinal calcium 
transport than in mobilizing calcium from bone and is 
-60% as effective as vitamin D3 in the cure of rachitic le- 
sions. Although on a weight basis it is less active both in the 
magnitude and duration of response than 1,25-(OH)&, 
it is probably much more active than 24,25-(OH)& (77). 
There is no conclusive data on the concentration of 
1,24,25-(0H)& in the blood. It is known to be lower than 
that of 1,25-(OH)& and, therefore, in the low picogram 
per milliliter range in the plasma. 


1 a-OH-24,25,26,27-Tetranor-D3-23-carboxylic Acid 
(Calcitroic Acid)-During the studies on the metabolism 
of 1,25-(OH)&, the possibility that it might be converted 
to more active forms was investigated. In 1976, 26,27- 
14C-labeled 25-OH-D3 was synthesized and enzymatically 
converted to the corresponding 1,25-(OH)z& compound 
(78). When injected into vitamin D-deficient animals, this 
compound lost up to 20% of its 26,27-14C in the expired air 
as carbon-14 dioxide within 24 hr, demonstrating the ex- 
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istence of a side-chain oxidation reaction of 1,25-(OH)& 
(78, 79). This side-chain oxidation appeared to require 
la-hydroxylated metabolites, since nephrectomy abol- 
ished carbon-14 dioxide expiration from radiolabeled 
25-OH-D3 but did not affect the amount of carbon dioxide 
14 expired from 1,25-(0H)2[26,27-14C]D3-dosed rats (79). 
Removal of the jejunum, ileum, and colon drastically re- 
duced the carbon-14 dioxide expired by these rats, impli- 
cating an intestinal site of side-chain oxidation (80). 


In  vivo experiments (81) using doses of ~ c x - ~ H -  and 
26,27-14C-labeled, 1,25-(OH)zD3 were conducted with 
examination of tissue extracts for metabolites relatively 
enriched in tritium. This study culminated in the isolation 
and identification of the major side-chain oxidized me- 
tabolite of 1,25-(OH)zD3 as la,3P-dihydroxy- 
24,25,26,27-tetranor-D3-23-carboxylic acid, which was 
named calcitroic acid. 


Calcitroic acid was found in the liver and intestinal tis- 
sue, but very little was present in the blood. The amount 
of calcitroic acid in the organic soluble extracts of the liver 
and intestine accounted for only 44% of the administered 
dose. It was recently found (82) that the water-soluble 
metabolites in rat bile are predominantly acids. As much 
as 13% of the dose present in bile after 24 hr was calcitroic 
acid. This means that substantial amounts of unknown 
metabolites of 1,25-(OH)zD3 remain in bile. 


The function of the side-chain oxidation of 1,25- 
(OH)zD3 is not known. One possibility is that side-chain 
oxidation and biliary excretion are a route for inactivation 
and excretion of 1,25-(OH)@3. Alternatively, metabolites 
of 1,25-(OH)& in bile may be reabsorbed by the intestine 
and have biological function there (82). Calcitroic acid was 
chemically synthesized from 24-oxocholesterol acetate and 
its biological activity compared with 1,25-(OH)2& (83). 
It stimulated intestinal calcium transport 6 hr after in- 
travenous administration, but the response was signifi- 
cantly less than that of an identical base of 1,25-(OH)~D3. 
It had no effect in the mobilization of calcium from the 
bone. 


AZ4-l a-Hydroxy- and A25-l a-Hydroxyvitamin D3- 
Onisko et al. (84), in their study of the metabolism of 
la,25-dihydro~y[3a-~H]vitarnin D3 in the rat, found two 
minor radioactive compounds in the bile. These were 
identified as A24-la-hydroxyvitamin D3 and A25-la-hy- 
droxyvitamin D3. The two compounds were present in the 
same ratio that is obtained by standard chemical dehy- 
drations of the 25-hydroxy group. It is assumed that the 
isomers arise uia a nonenzymatic elimination process in 
bile. The biological significance of these products is not 
known. 


25-Hydroxyvitamin D3-26,23-lactone-During the 
course of developing an assay procedure for 24,25-(OH)& 
and 25,26-(OH)& in human plasma, a previously un- 
identified compound was detected in chick plasma (85,86). 
This compound was a contaminant in the aesay of 24,25- 
(OH)zD3 or 25,26-(OH)& when only a single chromato- 
graphic column was used for pre-assay purification; how- 
ever, it could be resolved by HPLC on a microparticulate 
silica column (87). This metabolite was extracted from the 
plasma of chickens and was identified (88) as 25-hydroxy- 
vitamin D3-26,23-lactone (25-OH-D3-26,23-lactone) from 
its UV, mass, Fourier transform IR, and PMR spectra. 
Hollis et al. (89) found that 25,26-(OH)zD3 is the precursor 


for 25-OH-D3-26,23-lactone and the transformation takes 
place in the kidney, but its biological importance is not yet 
known. 


1 a,25-Dihydroxyvitamin D3-26,23-lactone-After the 
discovery of 25-OH-D3-26,23-lactone, Tanaka et al. (90) 
investigated if 1,25-(OH)& would undergo a similar 
transformation to the corresponding lactone. They found 
that kidney extracts from chicks given large doses of vi- 
tamin D3 readily converted 1,25-(OH)zD3 to 1,24-25- 
(OH)3D3, but produced only trace amounts of the lactone. 
However, when they incubated 25-OH-D3-26,23-lactone 
with kidney homogenates from rachitic chickens known 
to be rich in 1-hydroxylase activity and deficient in other 
vitamin D hydroxylases, they isolated a compound which 
was identified as la,25-dihydroxyvitamin D3-26,23-lactone 
[1,25-(0H)2D3-26,23-lactone]. They postulated that be- 
cause la-hydroxylase activity is generally low under the 
conditions in which the lactone is formed, the in vivo 
26,23-lactonization of 1,25-(OH)zD3 would likely be min- 
imal. 


Another investigator (91) fed the synthetic analog of 
vitamin D3, la-hydroxyvitamin D3 ( la-OH-D3), to rats 
and isolated 1,25-(0H)~D3-26,23-1actone from the blood. 
The biological potency or significance of this metabolite 
is not established, and to the author’s knowledge, it has not 
yet been isolated from human blood. 
25,26,27-Tris-nor-vitamin D3-24-carboxylic Acid-It 


was pointed out earlier that when 1-hydroxylation is in- 
hibited, 25-OH-D3 is metabolized to 24,25-(OH)&3 (71), 
which in turn acts as the precursor for 1,24,25-(OH)3D3 
(77). Recently, 24,25-(0H)2 was found to rapidly metab- 
olize to an acid with the loss of three terminal carbons on 
the side chain. This compound was identified as 
25,26,27-tris-nor-vitamin D3-24-carboxylic acid (92). The 
biological significance of this metabolite is not known. 
25-Hydroxy-24-oxocholecalciferol-During the course 


of investigating renal 24-hydroxylase activity, it was found 
(93) that kidney homogenates from chicks supplemented 
with vitamin D3 metabolized 25-OH[26,27-3H~]D3 in vitro 
to three unknowns designated A, C, and E. Production of 
unknown A increased in parallel with the increase in the 
amount of 25-(OH)D3 added as a substrate, while that of 
unknown C was fairly constant irrespective of substrate 
increase (94). Unknown A was less polar than 25-OH-D3. 
This unknown was identified (95) as 25-hydroxy-24-0~0- 
calciferol. The biological significance of this metabolite is 
unknown, and to this author’s knowledge, there has been 
no confirmation of its presence in vivo in humans or ani- 
mals. 


25-Hydroxyvitamin D2-25-@-D-glucuronic Acid- 
Previous studies (96) showed that the principal route of 
excretion of vitamin D metabolites in humans is through 
the bile. But the identity of most of the biliary metabolites 
is unknown. Avioli et al: (96) also found that in human 
subjects administered [3H]vitamin D3, only 8-9% of the 
biliary radioactivity was extractable with chloroform and 
that biliary excretion of vitamin D3 was negligible. Upon 
treatment with P-glucuronidase, an additional 40% of the 
biliary radioactivity became chloroform soluble, but only 
-5% of the liberated radioactivity appeared to be free vi- 
tamin D3. 


Examination of the biliary metabolites of vitamin D2 in 
chickens revealed that the major metabolite was 25-hy- 
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droxyvitamin D2-25-P-~-glucuronic acid (25-OH-Dz- 
25-glucuronide) (97). It has long been known that vitamin 
Dz is much less active than vitamin D3 in the chicken while 
the two forms are equally active in mammals. It was shown 
earlier (98) that vitamin DZ is more rapidly removed from 
the chick blood than vitamin D3 and excreted into the 
bile. 


It was also reported (99) that the two forms of the vita- 
min are hydroxylated at  C-25 equally by chick liver prep- 
arations. Several studies have long established that 25- 
OH-D3 is the main circulating form of vitamin D3 in hu- 
mans and cows (55-61). But other studies (100, 101) 
demonstrated that the chick is unable to raise the blood 
levels of 25-OH-& and other D2 metabolites to the D3 
metabolite levels. Based on these facts, one may conclude 
that the facile formation of 25-OH-D~-25-glucuronide in 
chicks and its removal from circulation is the reason that 
chicks and other birds discriminate against vitamin Dz. 
LeVan et al. (97) reported from their preliminary experi- 
ments that chicks dosed with [3H]vitamin D3 produce only 
small amounts of the 25-glucuronide. Experiments are in 
progress in their laboratories to see whether the 25-ghi- 
curonides of vitamin D metabolites occur in mammalian 
bile or if this pathway is peculiar to avian species. 


Vitamin D Sulfate-Initial experiments with radiola- 
beled vitamin D showed very little radioactivity in the 
aqueous portion after the kidney, intestine, serum, or 
plasma was extracted with a mixture of chloroform and 
methanol (29,31). However, the formation of water-soluble 
conjugates from vitamin D or its metabolites has always 
been suspected. Thus, several investigators reported the 
presence of vitamin D sulfate (D-sulfate) in human 
(102-104) and cow milk (102,104,105). 


Lakdawala and Widdowson (103) collected milk from 
34 women from 3-8 days postpartum and analyzed for 
D-sulfate. The D-sulfate concentration was 17.8 ng/ml 
between the 3rd and 5th days and 10.0 ng/ml between the 
6th and 8th days, respectively. These authors noted that 
even in winter, breast milk protected the infants from 
rickets whereas cow milk did not. Sahashi et al. (102) 
found the concentration of D-sulfate in cow milk and 
human milk to be 204 and 950 IU/liter (5 and 24 ng/ml), 
respectively. These figures were all based on a nonspecific 
colorimetric method. 


Very recently, (106) a more specific HPLC method was 
used for the analysis of human milk whey from six Cau- 
casian mothers between l and 8 days postpartum using 
lc~,2a-[~H]vitamin D sulfate as a tracer to monitor the 
recovery of the endogenous D-sulfate. No endogenous 
D-sulfate was found in any of the samples (detection limit, 
1 ng/ml). This result was contradictory to that reported 
by others (102-105). Hollis's (106) contention was that the 
primary source of antirachitogenic activity in human milk 
is due to nonconjugated metabolites of vitamin D, pri- 
marily 25-OH-Ds. Yet, according to another report by 
Hollis et al. (107), the nonconjugated metabolites in 
human and cow milk are very low; human milk contained 
320 f 80 pg/ml (n  = 5) of 25-OH-D3. The concentrations 
of 24,25-(OH)zD3 and 1,24,25-(0H)3& in the same sam- 
ples were 42 f 3 and 12  f 2 pg/ml, respectively. These re- 
sults are puzzling when one considers the fact that the large 
majority of infants in the world are raised primarily on 
breast milk for up to 6-8 months without any gross mani- 


festations of vitamin D deficiency. 
Unidentified Metabolites of Vitamin D3-Leading 


investigators are certain that there are many unidentified 
metabolites of vitamin D. For example, according to On- 
isko et al. (84), there remain substantial amounts of un- 
known metabolites of 1,25-(OH)zD3 in the bile. These are 
water-soluble, negatively-charged compounds, which are 
rendered chloroform-soluble after methylation. These are 
likely to be due to unknown carboxylic acid metabolites. 


Most of the experiments leading to the discovery of the 
currently known metabolites have followed the injection 
of radioactive vitamin D3 as a single dose to rachitic ani- 
mals. Experiments with administration of radioactive vi- 
tamin Ds daily for 1-2 weeks (1081, have led to the dis- 
covery of a number of new metabolites of vitamin D3, both 
polar and nonpolar, that have yet to be identified. Whether 
any of these will have important functions or whether they 
represent biochemical curiosities or inactivation products 
remains to be seen. 


METABOLITES OF VITAMIN Dz 


The only chemical difference between vitamins DZ and 
D3 is in the side chain. Vitamin D2 has an extra methyl 
group on the 24th carbon and a double bond between the 
22nd and 23rd carbons (Scheme 11). The virtual inactivity 
of vitamin Dz in'birds has long been known. However, the 
major metabolic pathways of the two forms of vitamin D 
in birds and mammals are analogous. Thus, 25-OH-Dz was 
isolated and identified from porcine blood (38). The 25- 
OH-DZ is further converted in the kidney to 1,25-(OH)zD~, 
which was isolated and identified (109). The hydroxylases 
that act on the vitamin D3 series have been shown to act 
on vitamin D2 compounds as well (110). Thus, the liver 
possesses vitamin Dz-25-hydroxylase and the kidney 
possesses la-hydroxylase. The current opinion is that the 
primary metabolites of vitamin DZ would undergo further 
metabolism like vitamin D3, but little work has been car- 
ried out with humans or animals, primarily because of the 
unavailability of suitable radiolabeled tracers. 


SUMMARY OF THE METABOLIC SCHEME OF 
VITAMIN D 


The currently known metabolic pathway of vitamin D 
is shown in Scheme 111. Vitamin D3 from the diet or that 
generated in the skin is absorbed into the blood. There is 
as yet no reliable figure on its concentration in blood. A 
portion of the vitamin D is converted into fatty acid esters 
(34) which are distributed in all vital organs and blood. The 
fatty acid esters have lower biological potency than vitamin 
D. Not much research has been conducted on the role of 
fatty acid esters in the total picture of vitamin D metabo- 
lism. A portion of the vitamin D is believed to be available 
in lactating mammals as D-sulfate (102-103, but this 
theory has been contradicted by other investigators (106, 
107). 


Vitamin D is stored to a considerable extent in the body. 
The liver is thought to be a storage organ, but more recent 
studies have shown that fat is the major storage site (111). 
Depletion of .vitamin D in the animals depends on the 
turnover of the fat depots, which usually takes consider- 
able time. 


Vitamin D3 per se has no biological activity. It is hy- 
droxylated at  carbon 25 to (35,36) in the liver. 
The liver 25-hydroxylase system requires NADPH, mo- 
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lecular oxygen, and magnesium and is located in the mi- 
crosomal fraction. Initially, it was thought that  this 25- 
hydroxylation was feed-back regulated (112) to reduce the 
chances of toxicity to over-intake of vitamin D3. However, 
later studies (113) with rats that  received weekly or tri- 
weekly doses of vitamin D3 showed that  the amount of 
25-OH-Ds in plasma correlated with an increase in vitamin 
D intake, irrespective of the dose administered. Thus, it 
seems that vitamin D is efficiently mobilized to 25-OH-D3 
in the liver and then bound to a plasma-binding protein 
where it acts as a reservoir in the blood. However, other 
25-hydroxylases are also present in the liver. These act on 
cholesterol, dihydrotachysterol, and other analogs of vi- 
tamin D such as ltu-hydroxyvitamin D3 (114-116). 


The major circulating form of vitamin D metabolites in 
the blood is 25-OH-D3 (37,55-58). I t  is transported to the 
kidney by a specific protein and further hydroxylated on 
carbon C-1 to 1,25-(OH)2D3 or on C-24 to 24,25-(OH)*D3 
depending on the circumstances. Under conditions of 
hypocalcemia, the parathyroid glands are stimulated to 
secrete parathyroid hormone (PTH),  which in turn stim- 
ulates synthesis of 1,25-(OH)2D3. The  1,25-(OH)2D3 im- 
mediately proceeds to the intestine where it functions to 
stimulate intestinal calcium absorption without PTH. In 
addition, 1,25-(OH)~D3 together with the P T H  hormone 
functions to mobilize calcium from previously formed 
bone. These two functions result in the elevation of serum 
calcium to normal levels that suppress PTH secretion and, 
hence, 1,25-(OH)*D3. Like hypocalcemia, hypophospha- 
temia directly stimulates synthesis of 1,25-(0H)2D3, which 
then independently stimulates the elevation of serum in- 
organic phosphate. 


The  mechanism of action of 1,25-(0H)*D3 was proved 
(50, 117) after techrliques were developed for making 
[3H]-1,25-(OH)2D3 from [“H]-25-OH-D3 in uitro from 
kidney homogenates. Using this technique, these investi- 
gators were able to correlate the presence of 1,25-(OH)2D3 
in the intestine and bone, which accounted for 98 and 80% 
of the total radioactivity in the respective target tissues, 
with the simultaneous induction of intestinal calcium 
transport and bone calcium mobilization. These data 
strongly supported the earlier findings that 1,25-(OH)2D3 
is the biologically active form of vitamin D3 responsible for 
maintaining calcium and phosphorus homeostasis and that 
no further metabolism is required. 


Under normocalcemic or hypercalcemic conditions, 
renal la-hydroxylation is inhibited and side-chain hy- 
droxylation of 1,25-(OH)zD3 occurs, resulting in the for- 
mation of the most polar metabolite known so far, 
1,24R,25-(OH)3D3 (77). Under these conditions 25-OH-D3 
also undergoes side-chain oxidation to form 24R ,25- 
(0H)zDs (71) and 25,26-(OH)zD~ (66). Of these two, 
24R,25-(0H)*D3 is the more prominent. There is evidence 
suggesting that the intracellular concentration of phos- 
phorus is a more important regulator than P T H  for de- 
termining whether the hydroxylation of 25-OH-D3 in the 
kidney occurs on either the C - l a  or the C-24 positions 
(118). The ability of 24R,25-(OH)2D3 to stimulate both 
intestinal calcium transport and a weak bone mineraliza- 
tion response is believed to be dependent on its ltu-hy- 
droxylation in the kidney to form 1,24R,25-(OH):1D:l. 


Thus, under normal conditions, one of the end products 
of both 1,25- and 24R,25-dihydroxyvitamin D is the same, 


i.e., 1,24R,25-(OH)3D3. 1,24R,25-(OH):3D:3 is only -10% 
as active as 1,25-(OH)2D:1 on a molar basis. I t  is more ef- 
fective in stimulating calcium transport than bone min- 
eralization (77, 119). 


The low biological activity of 24R,25-(OH)2D:{ and 
1,24R,25-(OH)3D3 and their rapid metabolism and ex- 
cretion in the chick prompted speculation that the purpose 
of 24-hydroxylation of 25-OH-D:3 and 1,25-(OH)zD:% is to  
introduce a hydroxyl group proximal to the 25 position to 
provide facile oxidative cleavage (120). Yet, it is puzzling 
that these two 24-hydroxylated metabolites are prominent 
circulating metabolites. Recently, it was reported (121) 
that  small doses of 24R,25-(OH)2Do increased intestinal 
calcium transport in anephric patients, suggesting that the 
compound per se is active and la-hydroxylation is not 
absolutely necessary. 


When the body does not need 24R,25-(OH)#3 or 
1,24R,25-(OH)3D3, the former is converted to 25,26,27- 
tris-nor-vitamin D3-24-carboxylic acid (92). The 25,26- 
(OH)2D3 undergoes more extensive transformations. After 
it was synthesized, its biological activity was studied in 
vitamin D-deficient rats and their nephrectomized coun- 
terparts. The results suggested that, like 24R,25-(0H)*D3, 
it requires renal la-hydroxylation before it can stimulate 
an intestinal calcium transport response (122). As dis- 
cussed earlier it is also oxidized to calcitroic acid (81) and 
to 25-OH-D3-26,23-lactone (88). 


VITAMIN D AS A PROHOHMONE 


Vitamin D is virtually absent from the plant world and 
is found only in specific substances such as fish liver oils, 
egg yolk, and to a very small degree, in unfortified milk. A 
notable exception to this is the existence of conjugated 
forms of 1,25-(OH).~D3 in the South American plant So- 
lanum glaucophyllum and Cestrum diurnum in the 
southern United States (123,124). Vitamin D is unique in 
that under normal circumstances it is formed in the skin 
in sufficient quantities when humans and animals are ex- 
posed to sunshine, and extra supplementation is unnec- 
essary. The  previtamin D3 that is formed in the skin is 
slowly released into the body as vitamin D3. This process 
permits the skin to  continuously synthesize and release 
vitamin D3 into circulation for up to 3 days after a single 
exposure to sunlight (Scheme I and Ref. 14). 


Because of changes in modern lifestyle and because the 
urban areas around the world are contaminated with 
UV-absorbing materials, it may be that  insufficient 
amounts of vitamin D are produced in the skin. Vitamin 
D:j is also unique in that i t  has to be metabolized in se- 
quence to 25-OH-D3 and to 1,25-(OH)2D3 or to some as yet 
unidentified metabolite before it becomes physiologically 
active, not only in its ability to prevent and cure rickets, 
but also to maintain calcium and phosphorus homeostasis. 
In this respect, 25-OH-D3 only acts as  a precursor for 
1,25-(OH)2D3 and also for 24R,25-(0H)*D3 which is also 
biologically active. 


Since 1,25-(OH)&):3 acts on tissues remote from its 
production site, it meets the criteria and definition of a 
hormone. In true hormonal form, i t s  biogenesis is regulated 
by hypocalcemia or hypophosphatemia. PTH plays a vital 
role i n  the biochemistry of  vitamin D:3. If 1,25-(OH)?D:3 is 
accepted as a hormone, then vitamin D:j can be considered 
as a prohormone and 25-OH-D:j as a prehormone. Since the 
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Figure 2-Diagram of the calcium homeostatic mechanisms involvi,ng 
the vitamin D endocrine system (Ref. 132). 


kidney is the sole site of manufacture of 1,25-(OH)&, the 
kidney can be considered as the endocrine organ. 


REGULATION OF CALCIUM HOMEOSTASIS AND 
VITAMIN D METABOLISM 


The normal serum calcium level is maintained a t  -1.0 
mg/100 ml of ionized calcium. The accompanying anion 
is inorganic phosphorus. When the calcium level falls, the 
parathyroid glands which serve as the hypocalcemic de- 
tection organ are immediately stimulated to produce PTH. 
PTH is transported to the kidney, liver, and bone (125, 
126). In the kidney it causes a phosphate diuresis which 
is vitamin D independent (127). PTH also stimulates renal 
reabsorption of calcium. Whether vitamin D is involved 
in this process is not absolutely established, but available 
evidence suggests that it is dependent on the existent 
serum 1,25-(OH)2D3 (128, 129). 


Another, less rapid, calcium-conserving process occurs 
when PTH stimulates renal 25-OH-D-1-hydroxylase to 
produce 1,25-(OH)2D:~ (130) and 1,24R,25-(OH)3&; 
1,25-(OH)2D3 stimulates intestinal calcium absorption 
without PTH involvement (128,129). PTH is initially se- 
creted in response to hypocalcemia within minutes, and 
its lifetime is measured in minutes (125,126). In contrast, 
the action of 1,25-(OH)& requires hours and its lifetime 
is measured in hours. Thus, PTH serves in a short-term 
renal process for restoring the calcium level, whereas the 
action of 1,25-(OH)2D3 is more prolonged. In the bone, the 


secreted PTH, together with 1,25-(OH)2D:3, stimulate the 
transfer of calcium from the bone fluid compartment to 
the extracellular fluid compartment and into general cir- 
culation. 


The three sources of calcium described restore serum 
calcium to the normal level, at  which time PTH secretion 
is suppressed, shutting down the entire calcium mobilizing 
system. On the other hand, in cases of hypercalcemia, C 
cells of the thyroid secrete calcitonin, which suppresses 
mobilization of calcium from the bone and probably 
stimulates excretion of calcium and phosphorus in the 
kidney (131). In this manher the vitamin D endocrine 
system efficiently controls calcium homeostasis as shown 
in Fig. 2 (132). 


In addition to phosphate, PTH, and 1,25-(OH)2D3, 
sex-related regulatory phenomena are known to affect 
calcium absorption. For example, there is a great need for 
calcium in egg-laying birds. Egg-laying birds have a high 
level of 1-hydroxylase activity in their kidneys, while 
nonlaying mature females or males have little l-hydrox- 
ylase activity but higher 24R -hydroxylase activity (133, 
134). During pregnancy and lactation, plasma 1,25- 
(OH)?D3 is elevated in both rats and humans (135,136) to 
meet increased calcium demand. Growth hormone and 
prolactin are believed to provide the stimuli for increased 
1-hydroxylase activity (137). These data suggest that sex 
hormones and other endocrine systems are also involved 
in the calcium regulatory processes. 


Several review articles discuss the biogenesis of vitamin 
D, its metabolism, the mechanism of action of the me- 
tabolites in maintaining calcium and phosphorus'homeo- 
stasis, and the clinical applications of vitamin D metabo- 
lites (132, 138-149). 


CLINICAL APPLICATIONS OF VITAMIN D 
METABOLITES 


It is beyond the scope of this article to go into a detailed 
discussion of the clinical applications of vitamin D me- 
tabolites. Of all the metabolites, 25-OH-D3 and 1,25- 
(OH)2D3 are the most important and both are available 
commercially as prescription products in the United States 
and West European and Scandinavian countries. The 
clinical uses of these two compounds are for bone diseases 
related to abnormal calcium and phosphorus deficiencies 
in the blood. 


As already mentioned, %-OH-& is the major circulating 
form of vitamin D3 and has to be converted to 1,25- 
(OH)2D3 to function in the restoration of calcium and 
phosporus serum levels. The normal serum level of 25- 
OH-D3 is 20-40 ng/ml, whereas that of 1,25-(OH)2& is 
only 20-40 pg/ml. The serum level of 25-OH-D3 can go up 
depending on the vitamin D intake or exposure to sun- 
shine, whereas that of 1,25-(OH)zD3 is constant and reg- 
ulated according to the calcium level in the serum. In ad- 
dition, 25-OH-D3 is much less toxic than 1,25-(OH)2D3; 
therefore, 25-OH-D3 is preferred in all calcium deficiency 
diseases where renal 1-hydroxylase activity is not impaired 
by lack of PTH stimulation or the inability of the kidney 
to produce this enzyme. 


Since the discovery of the major metabolites of vitamin 
DB, several synthetic analogs were made and researched 
not only to elucidate the mechanism of vitamin D3 me- 
tabolism, but also as possible substitutes for 25-OH-D3 and 
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1,25-(OH)&. Of these, the most prominent one is la- 
hydroxyvitamin D3 ( la-OH-D3) which is hydroxylated 
very readily in the liver to 1,25-(OH)& (150). Except for 
a few specific diseases, the rationale for the use of these D3 
metabolites in the treatment of bone diseases is clouded 
by the interplay of the other less active metabolites and 
also by the several hormones and enzymes involved in the 
bone mineralization and bone formation processes. For 
example, 24,25-(OH)&, was until recently considered as 
the first of a series of metabolites in the excretionary route 
for 25-OH-D3. In normocalcemic animals, 24-25-(OH)& 
is the predominant dihydroxylated metabolite, and even 
though only a few humans have been treated to date with 
this metabolite, it was reported (149,151) that it may have 
an important adjunctive role in the treatment of bone 
diseases. 


Rickets-Rickets was originally thought of as a bone 
disease, but later found to be a blood disease in the sense 
that it appeared when the calcium and phosphorus levels 
in the blood were low. This led scientists to believe that the 
product of calcium and phosphorus concentrations in the 
blood was the determining factor in the production of 
rickets and this measure was used as a diagnostic test. With 
the mandatory practice of fortifying fresh and evaporated 
milk, rickets as a nutritional disease has almost been eli- 
minted in the western world. 


In addition to vitamin D-deficiency rickets, there are the 
vitamin D-dependent and vitamin D-resistant hypo- 
phosphatemic rickets. Vitamin D-dependent rickets is an 
inherited disease in children that occurs even when the 
patients take the daily requirement of vitamin D. These 
children develop aminoaciduria. The disease is treated by 
high doses of vitamin D (152), pharmacological doses of 
25-OH-D3 (1531, or as little as 1 pg/day of 1,25-(OH)& 
(153,154). It is now believed that this disease is a defect 
of 1-hydroxylation of 25-OH-D3. The cure with large doses 
of vitamin D3 or 25-OH-D3 is probably due to the 25- 
OH-D3 interacting directly with the receptors. 


Vitamin D-resistant hypophosphatemic rickets is more 
common and is characterized by low blood phosphorus, 
normal calcium serum concentration, and either normal 
or reduced intestinal calcium absorption. Studies using a 
strain of mice having the same genetic and phenotypic 
characteristics a3 the human in the development of this 
disease demonstrated that there is a generalized defect in 
phosphate transport reactions, especially in the kidney and 
the intestine (155,156). Patients with this disease are given 
large doses of phosphate to counteract the large losses in 
the urine. Large doses of phosphate can bring about ex- 
cessive secretion of PTH, which has to be corrected by the 
administration of 1,25-(OH)zD3 or la-OH-D3. Thus, the 
treatment of this type of rickets is a complicated system 
of checks and balances. 


Hypoparathyroidism-PTH secreted by the para- 
thyroid gland senses hypocalcemia (Scheme 111). Hypo- 
parathyroid patients do not have this ability and therefore 
do not metabolize 25-OH-D3 to 1,25-(OH)2D3. As a result, 
the serum calcium levels drop while inorganic phosphate 
may rise. Previously, such patients were treated with large 
doses of vitamin D, but now these cases can be treated 
better with 1,25-(OH)& or la-OH-D3 at doses of 0.68-2.7 
pg/day plus sufficient dietary calcium (157-159). These 
small doses caused a marked increase in serum calcium 


concentration and urinary calcium excretion, without 
significant changes in renal calcium clearance or urinary 
hydroxyproline excretion. These results suggest that the 
correction of hypocalcemia involved primarily a stimula- 
tion of intestinal calcium absorption rather than a stimu- 
lation of skeletal calcium absorption. 


Pseudohypothyroidism-Pseudohypothyroid patients 
secrete sufficient amounts of PTH in response to hypo- 
calcemia, but the kidney and bone do not respond. The 
result is that patients become hypocalcemic in the presence 
of large circulating levels of PTH. These patients are 
treated satisfactorily with oral 1,25-(OH)&3 or la-OH-D3 
plus calcium. In pharmacological amounts 25-OH-D3 has 
also been used successfully for this condition. 


Renal Osteodystrophy-Patients with renal osteo- 
dystrophy have lost the ability to make 1,25-(OH)2D3, the 
calcium-mobilizing hormone. This disease is complicated 
by the fact that the kidney fails to excrete phosphate, 
thereby causing a secondary hyperparathyroidism. This 
in turn can cause excessive erosion of bone calcium giving 
rise to osteitis fibrosa. Inadequate amounts of 1,25- 
(OH)2D3 may also lead eventually to bone resistance to 
PTH (160). Patients with renal osteodystrophy have been 
successfully treated with 1 ,25-(OH)2D3, 25-OH-D3, and 


Both 25-OH-D3 and 1,25-(OH)zD3 are approved in the 
United States for the treatment and management of pa- 
tients undergoing renal dialysis for diseases associated with 
chronic renal failure or hypocalcemia. At the present time, 
these are the only clinical conditions for which the two 
compounds have received approval from the Food and 
Drug Administration. 


The cause for renal osteodystrophy is multifunctional, 
involving more than excess PTH and/or 1,25(OH)2D3 de- 
ficiency. The exact reasons for the development of one 
form of bone disease versus another remains to be cIarified. 
Although the availability of vitamin D metabolites has 
substantially improved the therapeutic outlook, the rela- 
tive merits of 1,25-(OH)2D3 and 25-OH-D3 in the man- 
agement of this bone malfunction remain controversial. 


Three predominant forms of renal osteodystrophy are 
recognized. These are osteitis fibrosa, osteomalacia, and 
a combination of the two. From available but unpublished 
clinical data, one might make the following conclusions. 


Osteitis fibrosa patients with serum calcium <10 
mg/dl and phosphorus <5 mg/dl respond about equally to 
either 1,25-(OH)2& or 25-OH-D3. Patients on 1,25- 
(OH)2D:3 treatment may require closer observation because 
the fluctuation in serum calcium is probably greater than 
during treatment with 25-OH-D3. Treatment with either 
compound is contraindicated for patients with serum 
calcium >11 mg/dl. If the hypercalcemia is marginal 
(10-11 mg/dl), 25-OH-D3 is preferable to 1,25-(OH)& 
because it may be less likely to cause an abrupt rise in 
serum calcium. 


For patients with pure osteomalacia and serum 
phosphorus levels <5 mg/dl, 25-OH-D3 is clearly the 
treatment of choice. If the calcium level in these patients 
is >10 mg/dl, a low calcium diet may permit sufficient 
doses of 25-OH-D3 to be administered without provoking 
significant hypercalcemia (>11 mg/dl). 


In patients with mixed osteomalacia and osteitis 
fibrosa (serum phosphorus <5 mg/dl), positive responses 


la-OH-D:3 (161-164). 


1. 


2. 


3. 
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have been reported with both 1,25-(OH)zD3 and 25-OH- 
D3. Overall mineralization might be promoted better with 
25-OH-D3 than with 1,25-(OH)&. This is probably be- 
cause of the role played by 24,25-(OH)2& (149,151) gen- 
erated from 25-OH-D3 in the bone formation process. 


Steroid-Induced Osteoporosis-Administration of 
glucocorticoids results in the thinning of the bones or os- 
teoporosis. The exact reason for this disease is not known. 
Even though reports on the effect of glucocorticoids on the 
metabolism of vitamin D conflict, some indicate that ad- 
ministration of either 25-OH-D3 or 1,25-(OH)2D3 is ben- 
eficial in correcting this problem (165). 


Postmenopausal and Senile Osteoporosis-There is 
convincing evidence that sex hormones may affect vitamin 
D metabolism and calcium absorption (133-137). It has 
been shown that intestinal calcium absorption and serum 
levels of 1,25-(OH)2& diminish with age (165,166). It has 
also been suggested that osteoporotic patients may have 
lower levels of 1,25-(OH)& in their plasma than controls 
(167). In addition, there is evidence that the intestinal 
calcium absorption of osteoporotic patients can be en- 
hanced by 1,25-(OH)&, but not by vitamin D3 itself. This 
suggests that age- and sex-related factors prevent the 
metabolism of vitamin D3 to its active forms. Several 
clinical trials are ongoing with 25-OH-D3, 1,25-(OH)2&, 
and la-OH-D3 for the treatment of this fairly common 
disorder. 


In one study (168), oral administration of 25-OH-D3 for 
3 months to six patients with postmenopausal osteoporosis 
was effective in raising low intestinal calcium absorption 
and in augmenting the production of 1,25-(OH)2D3 and 
24,25-(OH)2D3. If 24,25-(OH)2D3 is important for bone 
formation as has been suggested (149,151) then 25-OH-D3 
may be preferred over 1,25-(OH)~D3, since the latter is not 
converted to 24,25-(OH)& in the body. 


Anticonvulsant Drug-Induced Osteomalacia- 
There is a high incidence of osteomalacia among patients 
treated with the antiepileptic drug combination of phen- 
ytoin2 and phenobarbital. This condition is generally 
treated with vitamin D (-4000 IU daily). It is obvious that 
this disease can be treated with lower doses of the more 
active metabolites. Stamp et al. (169) reported good results 
with 25-OH-D3. 


Hepatic Disorders-Since vitamin D is first hydrox- 
ylated in the liver, it seems that 25-OH-D3 would be indi- 
cated for people with hepatic disorders. Cirrhosis of the 
liver does not appear to cause markedly reduced 25-OH-D3 
levels in the blood. If patients with hepatic disorders also 
have bone diseases associated with low serum calcium 
levels, it is quite likely that they would benefit from 2.5- 
OH-D3 administration. 


TOXICITY OF VITAMIN D AND ITS METABOLITES 


Vitamin D3 is toxic at  high doses. Since it is converted 
in sequence to 25-OH-D3 and to 1,25-(OH)~D3, and since 
1,25-(OH)~D3 is the most biologically active form, it is not 
surprising that the margin of safety is lowest for 1,25- 
(OH)2D3 and highest for vitamin D3. The recommended 
daily intake of vitamin D is 400 IU (10 pg).  There is a 
considerable safety factor between the normal intake and 
the toxic dose, yet there are diseases like sarcoidosis and 


2 Dilantin, Parke-Davis. 


idiopathic hypercalcemia in which patients are overly 
sensitive to vitamin D. However, because there is an ample 
concentration of 25-OH-D3 in normal human blood, there 
is no need to take more than 400 IU/day unless recom- 
mended by a physician. Continued daily intake exceeding 
100,000 IU produces toxic manifestation. The symptoms 
include generalized weakness, nausea, vomiting, consti- 
pation, polyuria, dehydration, and elevated serum calcium 
and phosphorus levels. These adverse effects are reversible 
if the vitamin is withdrawn in time. 


The crucial steps in the metabolism of vitamin D3 are 
tightly controlled and feedback regulated. However, large 
doses of vitamin D3 can overcome control of the 25-hy- 
droxylation step. Haddad and Stamp (170) found a con- 
centration of >600 ng/ml of 25-OH-D3 in the serum of 
patients on long-term treatment with 5 mg (200,000 IU) 
of vitamin D for hypoparathyroidism or sex-linked hypo- 
phosphatemic rickets. So it is possible that the toxic effect 
of excessive intake of vitamin D3 in normal individuals may 
be due to the abnormally high level of 25-OH-D3 in the 
blood. The toxic symptoms are calcification of the heart, 
lungs, kidneys, and other soft tissues. Large doses of vi- 
tamin D will cause a marked demineralization of the bone 
at  the same time that it causes hypercalcemia and ne- 
phrocalcinosis. 


ANALYSIS OF VITAMIN D AND ITS METABOLITES 


Biological and Chemical Methods-Biological and 
chemical methods are the oldest and probably the most 
widely accepted methods for the analysis of vitamin D. The 
biological methods can be divided into three groups: cu- 
rative, prophylactic, and those based on calcium absorp- 
tion into the blood stream. All are based on the adminis- 
tration of measured doses of a standard vitamin D prepa- 
ration to a group of test animals and comparison of the 
biological responses with a similar group given the sub- 
stance under test. A third group of test animals is used as 
controls. However, these methods are costly, do not dis- 
tinguish vitamin D from other biologically active isomers 
and metabolites, and individual variations in the responses 
of the test animals are high. These tests and specific 
methods are detailed elsewhere (171-173). 


The most widely used chemical method is the antimony 
trichloride colorimetric method. Antimony trichloride also 
reacts with vitamin A, and because vitamin A occurs along 
with D in many biological samples and is also an ingredient 
in many commercial products, it is necessary to remove it 
and other interfering substances prior to reaction with the 
reagent. This is generally achieved by saponification with 
alcoholic potassium hydroxide, extraction of the unsa- 
ponifiable fraction with petroleum ether, and cleanup on 
chromatographic columns. The procedure for the deter- 
mination of vitamin D in pharmaceutical preparations is 
detailed elsewhere (172). 


This method is applicable with suitable modifications 
to'biological samples like fish liver oils, fortified milk, etc. ,  
but the colorimetric procedures are being replaced when 
possible by more specific instrumental methods, usually 
HPLC. To the author's knowledge, there are no reported 
colorimetric procedures for vitamin D metabolites. 


GLC-Although GLC procedures have been used ex- 
tensively for the determination of numerous physiologi- 
cally important steroids and hormones, only a few inves- 
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Figure 3-Chromatogram of a synthetic mixture of photochemical 
isomers and reaction products of vitamin D3 (A) .  Key: I ,  unknowns; 2, 
trans-uitamin D3; 3, preuitamin D,; 4, lumisterol3; 5,  isotachysterol3; 
6 ,  p-dimethylaminobenzaldehyde (internal standard); 7, tachysterolg 
8, vitamin D.1; and 9, 7-dehydrocholesterol. Chromatogram of a t-ypical 
vitamin D3 resin (B). Key: 1, resin impurities; 2, p-dimethylamino- 
benzaldehyde (internal standard); 3, tachysterola; and 4, vitamin D3 
(Ref.  176). 


tigators have attempted to develop similar techniques for 
vitamin D. The major problems with the GLC analysis of 
vitamin D are due to its open ring structure incorporating 
three conjugated double bonds in a 5,6-cis configuration. 
The 5 , 6 4  double bond causes less controllable thermal 
cyclization into the pyro- and isopyrocalciferols at  oper- 
ating GLC temperatures, resulting in two peaks. Another 
reason for the lack of interest in GLC analysis is that vi- 
tamin D concentration in biological systems is low and the 
samples generally contain structurally similar compounds 
requiring extensive sample cleanup. GLC methods for 
vitamin D analysis were reviewed previously (174,175). In 
recent years, HPLC has become the most popular tech- 
nique for analyzing vitamin D and 25-OH-D3 and also 
serves as an important purification step prior to the li- 
gand-binding methods for 1,25-(0H)2D3,24,25-(OH)zD,7, 
and 25,26-(OH)&. 


Competitive Protein-Binding Methods-It was once 
believed that 25 -0H-D~ was the most important biologi- 
cally active metabolite of vitamin D. This belief, coupled 
with the fact that 25-OH-Ds is the most abundant of all 
metabolites in the blood, stimulated a great deal of interest 
in its analysis. 


Proteins with high binding capacity for 25-OH-Ds were 
discovered and were utilized in the development of several 
competitive protein-binding assay procedures (52-54). 
Similar competitive protein binding methods are also 
available for vitamin D3 and its more polar metabolites 
with much lower concentrations in the blood. 


Several different binding proteins have been discovered 
with either greater binding capacity or greater specificity 


for a particular metabolite. Under standardized conditions, 
competitive protein-binding methods are used extensively 
because the sample volume is very small (0.1-1 ml), sen- 
sitivity is unattainable by other methods, sample manip- 
ulation is minimal, and a large number of samples can be 
analyzed simultaneously. The disadvantages are inter- 
ference from related compounds that compete with the 
binding-proteins and lack of precision. The interference 
from related compounds is now minimized greatly by the 
use of HPLC. 


HPLC-The main advantage of HPLC over GLC is that 
the problems associated with thermal cyclization and 
degradation are eliminated. Vitamin D and related com- 
pounds have a molar extinction coefficient of -15,000 at  
254 nm which allows the use of the most common and 
stable spectrophotometric detector available for HPLC. 
Therefore, HPLC is currently the technique of choice for 
vitamin D analysis. It is invaluable for the analysis of 
25-OH-Ds in biological samples and is also used extensively 
for purifying the more polar metabolities prior to their 
analysis by ligand binding methods. Since HPLC is non- 
destructive the fractions of interest can be collected and 
used for further tests if necessary. 


The photochemical and thermal byproducts of vitamin 
D synthesis are shown in Scheme 11. Until the advent of 
HPLC it was almost impossible to determine the actual 
vitamin D content of such a complex synthetic mixture. 
The separation achieved by Tartivita et al. (176) is shown 
in Fig. 3. Figure 3A is the chromatogram of a crude syn- 
thetic mixture and Fig. 3B is of commercial vitamin D in 
the resin form. These chromatograms were obtained on a 
30-cm X 4-mm i.d. commercial microparticulate silica 
column. The mobile phase was a 70:30:1 mixture of chlo- 
roform (free from ethanol and water), rz-hexane, and tet- 
rahydrofuran at  a flow rate of 1 ml/min. Using this system, 
vitamin D3 was quantitated in a resin sample containing 
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Table  I-Representative HPLC Systems for  the Analysis of Vitamin D and  Metabolites 


Compounds Separated 
Column No. Mobile Phase or Analyzed Sample Matrix Heference 


1". 50 cm X 2.1 mm 


2b, 5 pm, 25 cm X 2.1 mm 


2 , 5  pm, 22 cm X 6.2 mm 
1 , 5  pm, 22 cm X 6.2 mm 
3 c ,  10 pm, 60 cm X 6 mm 
1,22 cm X 6.2 mm 


l ,25cm X 4.6mm 
1,25 cm X 4.6 mm 


2,25 cm X 4.6 mm 
1 ,6  pm, 25 cm X 6.2 mm 


1,25 cm X 4.5 mm 


1,25 cm X 4.5 mm 
4d, 25 cm X 2.6 m m  
5', 10 pm, 25 cm X 4 mm 


6/, 50 cm X 4.6 mm 


78,25 m X 3 mm 
3,30cm X 4 mm 
8", 25 cm X 4.2 m m  
5, 25 cm X 4.2 mm 
2 ,5  pm, 25 cm X 2.1 mm 


3,30cm X 4 mm 


9', 5-10 pm, 20-30 cm 


9,5-10 pm, 15-60 cm 
X 4.6 mm 


X 3-6.25mm 


10% isopropanol in 
Skellysolve B 


Acetonitrile-methanol-water 
(90:5:5) 


1.5% Water in methanol 
9% Water in methanol 
n-Hexane-isopropanol(88: 12) 
10% Isopropanol in hexane 


Isopropanol-hexane (1:24 v/v) 
Isopropanol-hexane (1:9 v/v) 


Water-methanol (1:49 v/v) 
n-Hexane-isopropanol- 


methanol (87:103) 
10% Isopropanol in hexane 


2.5% Isopropanol in hexane 
Acetonitrile-methanol (1:l) 
1.25% lsopropanol in 


Chloroform-n-hexane-acetic 


5% Water in methanol 
0.4% Ethanol in chloroform 
5% Water in methanol 
30% Chloroform in n-hexane 
Acetonitrile-methanol-water 


(90:5:5) 
Chloroform-hexane-tetra- 


hydrofuran (7030: 1) 
0.3-0.53% Amyl alcohol in 


n-hexane 
0.15-0.7% Amyl alcohol in 


n-hexane 


cyclohexane 


acid (70:30:1) 


All  known metabolites 
of D:! and Da 


25-OH-D3 


D:! and D3 
25-OH-Dq and 25-OH-D7 


2E 


25-OH-D, 24,25-(OH).~D, 25.26- 
1,25-(OH)~D3 


(OH)zD, 1,25-(OH)& 
25-OH-D? and 25-OH-Ds 


D3 
D3 


D:, 


D:I 
D3 
1)s 
D3 


25-OH-Ds 


Photochemical and 
thermal isomers 


D 


D 


Synthetic mixture 


Human serum 


Human serum 
Human serum 
Human serum 
Human serum 


Human serum 
Human serum 


Human serum 
Human serum 


Human serum 


Human serum 
Fortified milk 
Instant nonfat dried milk 


Cod liver oil 


Cod liver oil 
Livestock feed supplement 
1,ivestock feed supplement 
Livestock feed supplement 
Bovine tissues and chicken egg 


yolk 
Synthetic mixture and 


commercial D:1 resin 
Commercial D resin powder 


Multivitamin preparations 


177 


55 


58 


62 
63 


64 
64 


64 
178 


67 


67 
179 
180 


181 


5a 


1 a2 
183 
184 
185 


186, 187 


176 


188 


1 a9 


a Zorbax-Sil, Dupont de  Nemours, Wilmington, Del. Zorbax ODS. Dupont de Nemours. Wilmington. Del. pPorasil, Waters Associates, Milford, Mass. d ODS-HC- 
Lichrosorb NH,, E. M. Reagents, Montreal, Canada. / Partasil, 10 PXS, Whatman, Inc., Clifton, N.J. 8 Lichrosorb 10. SLI-X-1. Perkin-Elmer Corp., Norwalk, Conn. 


RP18, Chromapack. Holland. phndapack CIS, Waters Associates, Milford, Mass. ' Microparticulate silica 


20 X lo6 IU/g with a relative standard deviation of 
1.37%. 


HPLC has been frequently used for the quantitative 
analysis of 25-OH-D3 in human serum (55-58). It has also 
been used extensively for the separation of minor con- 
stituents into purer fractions prior to their determination 
by any one of the appropriate protein-binding assays. 
Figure 4 shows the separation of a synthetic mixture of all 
the important metabolites of vitamin D3 obtained by Jones 
and DeLuca (177). This separation was achieved using two 
25-cm X 2.1-mm i.d. microparticulate silica columns in 
series and 10% isopropanol in Skellysolve B as the mobile 
phase a t  a flow rate of 0.5 ml/min. On the same column, 
they showed the difficult separation of 25-OH-D3 from 
25-OH-D2 using 2.5% isopropranol in Skellysolve B a t  a 
flow rate of 0.7 ml/min 


HPLC also has been used for the analysis of vitamin D 
and all its metabolites in a variety of matrixes. These in- 
clude milk and milk products, cod liver oil, animal feed 
supplements, vitamin D concentrates, multivitamin 
preparations, chicken egg yolk, cow tissues (liver, kidney, 
and muscle), cow blood, and human blood. A summary of 
representative HPLC systems from the literature is shown 
in Table I. 


CONCLUSION 


After three decades of comparative inactivity, a surge 
of interest in vitamin D during the last 15 years has re- 
sulted in our understanding of the biogenesis of vitamin 
DA, the identification of the major metabolites, the es- 


tablishment of the metabolic pathway, and the hormonal 
nature of the metabolites. Vitamin DA per se is now known 
to be biologically inactive, while 1,25-(0H)*D:1 (or some 
other as yet unidentified metabolite) has been established 
as the principal hormone responsible for maintaining 
calcium and phosphorus homeostasis. The kidney is the 
endocrine organ in the vitamin D hormonal functions. 
Extensive research is still underway in elucidating the role 
of other endocrine organs in the regulation of vitamin D 
metabolism and its physiological functions. Other unan- 
swered questions deal with the mechanisms of ( a )  the ac- 
tive forms of vitamin D in the transport of calcium from 
the intestine into general circulation, ( b )  bone calcium 
mobilization, and ( c )  renal control of phosphorus con- 
centration in the blood. Meanwhile, two principal me- 
tabolites, 25-OH-D3 and 1,25-(OH)zD3, are available as 
prescription products in several western countries for the 
treatment of vitamin D deficiency diseases. 
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Abstract 0 A simple and rapid quantitative method for the derivati- 
zation and determination of lipophilic chloroethylnitrosoureas is de- 
scribed. This procedure involves the ether extraction of the chloroeth- 
ylnitrosourea from plasma and conversion of the parent drug to an 0- 
methylcarbamate by reaction in anhydrous methanol. The product 0- 
methylcarbamate may be separated with gas chromatography (GC) and 
detected with nitrogen-specific GC detectors or with mass spectrometry 
using multiple-ion detection. The lower limit of detection for each method 
was -100 ng/ml plasma. 


Keyphrases 0 Cancer chemotherapeutic agents-lipophilic chlo- 
roethylnitrosoureas, quantitation Chloroethylnitrosoureas-quanti- 
tation by gas chromatography 0 Gas chromatography-quantitation of 
lipophilic chloroethylnitrosourea cancer chemotherapeutic agents 


The described assay was applied to 1,3-bis(2-chlo- 
roethyl) - 1 -nitrosourea (carmustine, I), 1-( Z-chloro- 
ethyl) -3-cyclohexyl-1-nitrosourea (lomustine, 11), 1 - (2- 
chloroe thyl) -3- (4 - trans - methylcyclohexyl) - 1 -ni trosourea 
(semustine, 111), 1-(2-chloroethyl)-3-(2,6-dioxo-3-piper- 
idyll-1-nitrosourea (IV), and 1-(2-~hloroethyl)-3-(4- 


amino-2-methyl-5-pyrimidinyl)methyl-l-nitrosourea (V)l. 
The clearance curve for IV from rat plasma is presented 
as an example of the application of this method to the 
determination of biodistribution parameters. 


BACKGROUND 


The chloroethylnitrosoureas are a class of highly effective and widely 
used cancer chemotherapeutic agents (1-3). Analysis of these drugs in 
plasma at  therapeutically significant concentrations has proven to be 
difficult,. Although several methods of analysis have been reported, pone 
are generally applicable to patient pharmacokinetic analyses. As a con- 
sequence, only carmustine pharmacokinetics has received detailed study 
(4). 


Chloroethylnitrosoureas are thermally labile and decompose at  or 
below 100’ so that the parent compounds cannot be analyzed with gas 
chromatography (GC) (5). Compounds of this class are readily separated 
with high-performance liquid chromatography (HPLC) (6); however, the 
low wavelength and molar absorptivity of the nitrosourea chromophore 


These compounds are commonly referred to b their respective 
nations BCNU, CCNU, Methyl-CCNU, PCNU, anJACNU. 
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Abstract The synthesis and biodistribution properties of 99mT~- 
labeled 5-substituted N-(3-cyano-4-methyl-2-pyrrylcarbamoylmeth- 
y1)iminodiacetic acids and a similar series of N1-methyl analogs are de- 
scribed. These compounds were compared with 99mTc-labeled N-(2,6- 
dimethylphenylcarbamoylmethyl)iminodiacetic acid for hepatobiliary 
activity in the rat. The effects of structural modifications on biological 
activity are also reported. 


Keyphrases Imaging agen t~ -~~~Tc- l abe led  iminodiacetic acid de- 
rivatives of substituted 2-aminopyrroles, rats 0 Iminodiacetic acid- 
9 9 m T ~  labeled derivatives of 2-substituted aminopyrroles, as hepatobil- 
iary imaging agents in rats 2-Aminopyrroles-substituted, 99mT~- 
labeled derivatives, as hepatobiliary imaging agents in rats 


Diseases of the gall bladder and biliary tract are a major 
health problem. Visualization of the hepatobiliary system 
in humans can be used in the differential diagnosis of these 
diseases. The use of radiopharmaceuticals as diagnostic 
tools for the dynamic evaluation of the hepatobiliary sys- 
tem was initiated by Taplin et al. (1) when they introduced 
the rose bengal sodium iodine 131 test. 


BACKGROUND 


Rose bengal sodium iodine 131 has many drawbacks because of the 
physical characteristics of the iodine 131 label. Recently, many techne- 
tium 99m complexes have been produced and studied as possible re- 
placements for rose bengal sodium iodine 131. These technetium 99m 
complexes include penicillamine (2), dihydrothiwtic acid (3). tetracycline 
(41, mercaptoisobutyric acid (5), and pyridoxalamine acids (6). Among 
the most promising of the agents are the iminodiacetic acid derivatives 
(7), such as N-(2,6-dimethylphenylcarbamoylmethyl)iminodiacetic acid 
(I). Many analogs of I have been synthesized by altering the lipophilic 
substituent on the benzene ring and many of these analogs are being in- 
vestigated clinically in humans. To date, however, no ideal hepatobiliary 
agent has been introduced because all of these complexes are adversely 
affected by elevated serum bilirubin levels. 


To make a more effective hepatobiliary agent more needs to be known 
about the structure-activity relationship. I t  was reported previously (8) 
that a chelate must have a molecular weight between 300 and 1O00, exist 


NHCOCH, N(CH,COOHF, @ 
I 


11: R, = H 
111: R, = CH, 


as an organic anion, contain a t  least two aromatic rings, and bind to al- 
bumin to be effective as a hepatobiliary scintigraphic agent. Another 
report (9) proposed a bichelate structure for 99mT~-I with a molecular 
weight of the lidocaine derivative that favors biliary excretion. One of 
the first attempts a t  indicating a structure-activity relationship of the 
lidocaine analogs (10) reported a linear relationship between the biliary 
excretion in mice and the natural logarithm of the absolute value of the 
molecular weight of the technetium 99m chelate divided by the net charge 
on the chelate. 


Recently, the synthesis and the biodistribution properties of 99mT~- 
labeled 2-aminopyrrole analogs of I were reported (11). The activity ex- 
hibited by these compounds prompted the synthesis and evaluation of 
other 5-substituted N-(3-cyano-4-methyl-2-pyrrylcarbamoylmethyl)- 
iminodiacetic acids (11) and a similar series of "-methyl analogs (111). 
All of the derivatives were labeled with technetium 99m and compared 
with 9gmTc-I for hepatobiliary activity in rats. The effects of N1-meth- 
ylation and the effects of C-5 substitution on biological activity are re- 
ported (Table I). 


EXPERIMENTAL' 


Chemistry-N- (3-Cyano-I ,4,5-trimethyl-2-pyrrylcarbamoylmethyl)- 
iminodiacetic Acid (1IIa)-The procedure for the synthesis of IIIa is 
given as a general method for IIa-e and IIIb-f. A modified procedure of 
Callery et al. (12) was used. A solution of 2-chloroacetamido-3-cyano- 
1,4,5-trimethylpyrrole (6.77 g, 0.03 mole) (13), disodium iminodiacetic 
acid monohydrate (5.85 g, 0.03 mole), and sodium hydroxide (1.2 g, 0.03 
mole) in 100 ml methanol-water (3:l) was refluxed with stirring for 3 hr. 
The solution was stirred a t  ambient temperature overnight, diluted with 
water (100 ml), and the methanol removed in uacuo. The resulting sus- 
pension was diluted with additional water (50 ml), warmed gently, and 
filtered. After acidification of the filtrate to pH 3 by dropwise addition 
of concentrated hydrochloric acid, the precipitate was collected and dried. 
The crude product (7.25 g, 75.0%) was recrystallized from water to yield 
a light lavender powder (homogeneous on TLC, methanol, Rf 0.57), mp 
184-185' dec., IR (KBr): 3300,3020,2860,2210,1680 (broad), 1560,1410, 
1350, and 970 cm-'; NMR (dimethyl sulfoxide-ds): 6 2.00 (s, 3H, CH3 at  
C4), 2.07 (s, 3H, CH3 a t  Cs), 3.27 (9, 3H, CH3 a t  NI), 3.53 (s, 6H, - 
CHz-alpha to amino group), 7.80-9.20 (broad s, 3H, amide NH and 
COOH) ppm. 


N- (2,6-Dimethylphenylcarbamoylmethyl)iminodiacetic acid (I)-A 
solution of 1 -chloroacetamido-2,6-dimethylbenzene (5.93 g, 0.03 mole), 
disodium iminodiacetic acid monohydrate (5.85 g, 0.03 mole), and sodium 
hydroxide (1.2 g 0.03, mole) in 100 ml of methanol-water (3:l) was re- 
fluxed with stirring for 4.5 hr. The methanol was removed in U ~ C U O  and 
the crude product (5.5 g, 69%) was isolated according to the procedure 
described for IIIa. The product was recrystallized from water to yield 
white crystals, mp 216-217' [lit. mp 215-216' (411; IR (KBr): 3180,1750, 
1610,1530,1215,1155, and 770 cm-'. 


Anal.-Calc. for C I ~ H ~ ~ N Z O ~ :  C, 57.13; H, 6.16; N, 9.52. Found: C, 
57.16; H, 6.18; N, 9.51. 


Labeling with Technetium 99m-The iminodiacetic acid derivatives 
(I, IIa-e, IIIa-f) were labeled by a stannous chloride reduction of sodium 
(99mTc) pertechnetate (IV) eluate from a molybdenum 99-technetium 


IR spectral data were determined on a Beckman Acculah 4 Spectrophotometer 
using the potassium bromide technique. NMR spectra were determined on a Hi- 
tachi-Perkin-Elmer R24 high-resolution spectrometer with tetramethylsilane as 
the internal reference. Melting points were obtained using a Thomas-Hoover 
capillary apparatus and are uncorrected. TLC was performed using Eastman 
Chromatogram sheets, type 6060 (silica gel), and the sheets were developed in an 
iodine chamber. Carbon, hydrogen, and nitrogen values were obtained from analysis 
performed by Atlantic Microlahs, Inc., Atlanta, Ga. 
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,CH, COOH 


Table I-Data for Various N-(3-Cyano-4-methyl-2-pyrrylcarbamoylmethyl)iminodiacetic Acids H 3 x N H C O C H 2 N  R , L  'CH* COOH 


Analysis, % Yield, Recrystallization Melting 
Compound R1 Rz % Solvent Point Rf a Formula Calc. Found 


IIab -H -CH3 
IIb -H -iso-C4Hg 63.5 water 163-166.5" 0.37 C16HzzN405 c 54.84 54.87 


dec. H 6.33 6.33 


IIc -H -CHzCHzSCH3 57.0 dimethyl sulfoxide 
acetone-ether 
(1:4:1) 


111.5-115" 0.28 CigHz&06 C 55.74 55.63 
H 5.17 529 


0.5 HzO N 13.69 13.82 
184-186" 0.57 Ci4H1sN40s C 52.17 52.03 


dec. H 5.63 5.63 
IIIa -CH3 -CH3 75.0 water 


N 17.38 17.33 
170-171' 0.57 C ~ ~ H Z ~ N ~ O S  C 56.03 56.04 


dec. H 6.64 6.65 
N 15.38 15.37 


144-145" 0.57 C16HzzN405S c 50.25 50.42 
H 5.80 5.86 


IIIb -CH3 -iso-C4Hg 73.5 water 


IIIc -CH3 -CHzCHzSCH3 60.9 water 
~ ~~ 


N 14.65 14.75 
S 8.39 8.41 


dec. H 5.24 5.27 
162-165" 0.62 CigH2oN40s C 59.37 59.30 IIId -CH3 -c6H5 60.7 water 


N 14.58 14.57 
168-169" 0.55 CzoHzzN405 C 60.29 60.06 


dec. H 5.57 5.65 
N 14.06 13.99 


171-172" 0.62 C~1Hz4N406 c 58.87 58.62 
dec. H 5.65 5.72 


N 13.07 13.02 


Methanol. Data previously reported in ref. 11. 


Table 11-Parameters for  t he  Blood Elimination Equation of 
99mTc in the  R a t  following Intravenous Injection of 99mTc- 
Labeled Iminodiacetic Acid Derivatives" 


temperature for 20 min. The molar ratio of ligand to  tin varied from 52:l 
to 77:l. The final solution was passed through a millipore filter into a 
sterile evacuated vial. 


The radiochemical purities of technetium 99m labeled IIc, IIe, IIIa, 
and IIIc compounds were determined using instant TLC4 with a chlo- 
roform-acetone (7030) solvent system. The radiochemical purities of, 
99m Tc-labeled I, IIa, IIb, IId, IIId, IIIe, and IIIf compounds were de- 
termined using instant TLC with methyl-ethyl ketone, 85% methanol, 
and saline solvent systems. Examination of the chromatographic strips 
revealed the bound fraction to be 95% or greater for all of the radio- 
pharmaceuticals. 
In Vivo Studies-Fasting, nonhydrated, male Sprague-Dawley5 rats, 


175-250 g, were used. The left jugular vein was exposed and cannulated 
for each animal after anesthetizing with pentobarbital sodium (30 mg/kg). 
The animal was then positioned over a rectilinear scanner6 modified to 
record the counts arising from the cardiac pool. Following the injection 
of 0.25 mCi of the 99mTc-labeled compound into the cannula, sequential 
counts were obtained for the duration of the study. These counts were 
used to model the disappearance of the radioactivity from the blood. 


Each animal was sacrificed 1 hr after injection of the radiopharma- 
ceutical by overanesthesia with ether. Selected organs were removed from 
the animal and assayed for radioactivity. The results are reported as the 
percentage of the total injected radioactivity. 


A a B P R2 


I 


IIa b 


IIb 


I I C  


IId 


IIe 


IIIa 


IIIb 


IIIc 


IIId 


IIIe 


IIIf 


0.63 
(0.02) 
0.73 


(0.04) 
0.73 


(0.03) 
0.67 


0.23 
(0.02) 
0.52 


(0.04) 
0.50 


(0.03) 
0.32 


0.36 
(0.02) 
0.27 


(0.02) 
0.27 


(0.01) 
0.33 


0.013 99.8 
(0.00013) 
0.023 98.2 


(0.003) 
0.019 99.7 


(0.001) 
0.0104 99.7 


(0.0011) 
0.027 97.8 


(0.002) 
0.023 99.5 


(0.002) 


(0.02) 
0.81 


(0.03) 


(0.01) 
0.69 


(0.05) 


(0.01) 
0.19 


(0.01) 
0.79 


(0.03) 
0.58 


(0.03) 
0.43 


0.21 
(0.01) 
0.44 


(0.01) 
0.43 


(0.01) 
0.43 


'0.54' 
(0.03) 
0.57 


(0.03) 


'0.015' 99.7 
(0.001) 
0.013 99.7 


(0.04) 
0.37 


(0.03) (0.001) 
0.012 99.7 


(0.001) 
0.016 99.8 


(0.001) 
0.011 99.7 


(0.001) 


0.56 0.25 
(0.02) (0.03) 


0.67 
(0.02) 


(0.02) 
0.33 


(0.01) 
'0.26' 
(0.02) 
0.28 0.58 


(0.03) 
0.56 


(0.02) 


0.42 
(0.02) 
0.44 


(0.01) 


(0.03) 
0.26 


(0.02) 


RESULTS 


The disappearance of the radioactivity from the blood is described by 
a two-compartment open model. The computer-fitted equation7 used 
to describe the data is: 


Cg = A exp(-at) + B exp(-Pt) (Eq. 1) 


where Cg refers to the fraction of the dose retained in the blood (bio- 
logical) and t is time (min). The parameters for Eq. 1 and the correlation 


'0.008' 99.9 
(0.001) 


a Standard error in parentheses. Data previously reported in ref. 11. 


99m generator2 in an aqueous solution. Ten milligrams of each compound 
were dissolved in minimal amounts of sodium hydroxide (1 N ) .  This so- 
lution was back titrated with hydrochloric acid (0.05 N )  to pH 7. Seven 
millicuries of IV in 0.2 ml was added and the resulting solution was purged 
with nitrogen for 5 min. After purging, 0.1 ml of freshly prepared stannous 
chloride solution3 (1 mg/ml) was added and the solution was kept a t  room 


ITLC SG, Gelman Instrument Co., Ann Arbor, Mich. 
GIBCO Animal Research Laboratories, Madison, Wis. 
Magnascanner 500, Picker Instruments, Cleveland, Ohio 
NLIN, SAS 76, Raleigh, N.C. 


2 CintiChem, Union Carbide Corp., Tuxedo, N.Y. 
The stannous chloride solution was prepared daily by dissolving 15 mg of 


SnCI2.2H2O in 15 ml of hydrochloric acid (0.05 N ) .  


Journal of Pharmaceutkal Sciences 1 363 
Vol. 71, No. 3, March 1982 







Table 111-Percent of Administered Radioactivity at 1 hr after Intravenous Injection of 99mTc-Labeled Iminodiacetic Acid 
Derivatives in Selected Organs of the Rata 


GI Tract Liver Spleen Kidneys Lung Heart Carcass 


I 


IIa 


IIb 


IIC 


IId 


IIe 


IIIa 


IIIb 


IIIC 


64.7 
(5.83) 
38.0 
(2.40) 
72.9 
(2.71) 
75.2 
(2.24) 
81.5 
(2.48) 
76.1 
(2.29) 
21.9 
(3.60) 
53.3 


(11.8) 
58.1 
(3.69) 


IIId 78.6 
(i.94) 


IIIe 69.1 


IIIf 59.6 
(0.47) 


3.89 
(0.55) 
8.00 


(0.21) 
6.06 


(1.43) 
5.50 


(1.43) 
6.72 


(0.91) 
4.67 


(1.02) 
11.3 
(4.70) 
10.8 
(2.41) 
6.40 


(1.59) 
4.00 


(0.40) 
6.62 


(0.72) 
11.8 


0.06 
(0.02) 
0.07 


(0.05) 
0.08 


(0.01) 
0.04 


(0.01) 
0.15 


(0.08) 
0.07 


(0.01) 
0.14 


(0.09) 
0.04 


(0.01) 
0.06 


(0.01) 
0.03 


(0.01) 
0.07 


(0.01) 
0.12 


4.11 
(0.59) 
11.1 
(3.41) 
5.92 


(0.60) 
6.80 


(0.07) 
2.34 


(0.35) 
3.04 


(0.21) 
6.8 


(0.6) 
4.03 


(1.22) 
2.81 


(0.27) 
1.63 


(0.02) 
2.37 


(0.24) 
2.23 


0.19 
(0.07) 
0.30 


(0.18) 
0.21 


(0.05) 
0.16 


(0.03) 
0.20 


(0.03) 
0.20 


(0.02) 
0.38 


(0.08) 
0.24 


(0.03) 
0.26 


(0.02) 
0.17 


(0.04) 
0.49 


(0.08) 
0.54 


0.07 
(0.04) 
0.02 


(0.01) 
0.05 


(0.01) 
0.05 


(0.02) 
0.07 


(0.02) 
0.07 


(0.01) 
0.16 


(0.09) 
0.06 


(0.03) 
0.09 


10.02) 


27.0 
(4.70) 
44.0 
(2.80) 
14.8 
(1.26) 
12.0 
(1.56) 
9.90 


(0.92) 
15.8 
(1.20) 
59.3 
(3.61) 
31.4 
(9.57) 
32.0 
(3.731 


'0.03' 15.3 ' ~. - 
(0.0i) (1.62) 
0.14 20.6 


(0.01) (0.52) 
0.19 24.9 


(2.59) (2.41) (0.01) (0.37) (0.04) (0.09) (2.20) 


4 Standard error in parentheses. * Data previously reported in reference 11. 


coefficient (R2) for each parameter are listed in Table 11. The data rep- 
resents the combined data for three rats for each compound. 


Table 111 shows the distribution of technetium 99m in selected organs 
and tissues of the rat 1 hr after intravenous injection. The data are ex- 
pressed as a percentage of the injected dose and represent the average 
of three rats for each compound. The carcass values represent the re- 
mainder after the removal of the other organs and include the bladder, 
which accounted for much of the activity. 


This experiment was a completely randomized block design which 
permitted the calculation of differences between the 99mTc-labeled 
pyrrole derivatives IIa-e, IIIa-f, and 99mTc-I. Differences were tested 
by two-sided Student t tests at  a 90% confidence level. Student t statistics 
between 99mTc-I and the %'"Tc-labeled iminodiacetic acid derivatives 
of 5-substituted 2-aminopyrroles were computed for the @ phases of the 
blood curves, the percentage of injected radioactivity in the GI tracts, 
carcasses, livers, and kidneys. 


The results show that 99mTc-IIa, ggmTc-IId, and 99mTc-IIIa are dif- 
ferent from 99"Tc-I. When 99mTc-IIa and 99mTc-IIIa were compared 
with 99mTc-I, these complexes showed less of the radioactivity accu- 
mulating in the GI tract and more remaining in the carcass a t  1 hr after 
injection. A comparison between 99mTc-IId and 99mT~-I showed that 
99mTc-IId had less radioactivity remaining in the carcass and more ac- 
cumulating in the GI tract. 


The experimental design allowed testing of the effects of "-methyl- 
ation and C-5 substitution on the pyrrole ring by a two-way analysis of 
variance. The analysis of variance was performed on the 0 phase rate 
constants and on the percentages of radioactivity in the carcass, GI tract, 
liver, and kidneys. 


The results show that N1-methylation significantly decreased the rate 
constant, increased the accumulation of radioactivity in the carcass and 
kidneys, and decreased the accumulation of technetium 99m in the GI 
tract. One possible explanation for these results is that these chelates are 
in the structure proposed by Loberg and Fields (9) and that the techne- 
tium 99m labeled compounds IIa-e can undergo intramolecular hydrogen 
bonding between the N' hydrogen and the carbonyl group at  position 
2. The N1-methyl series (IIIa-f) cannot undergo this intramolecular 
hydrogen bonding. Therefore, the free carbonyl group of compounds 
IIIa-f can interact with water to a greater extent through intermolecular 
hydrogen bonding which reduces protein binding and biliary excre- 
tion. 


The two-way analysis of variance also revealed that the C-5 substitu- 
tion effect was significant for the rate constant and the percentages of 
radioactivity in the carcass, GI tract, and kidneys. 


Since the C-5 substitution was significant for these measured param- 


eters, correlation analysis between the molecular weight of the C-5 sub- 
stituent and the amount of radioactivity found in the GI tract was per- 
formed. 


The correlation analysis revealed that when the C-5 substituent of 
either the N1-H series (11) or the N1-methyl series was aliphatic, in- 
creasing the molecular weight of the technetium 99m complex increased 
biliary excretion. The correlation coefficient for the N1-H aliphatic series 
is 0.86; for the N1-methyl series it is 0.77. When the C-5 substituent was 
aromatic, an increase in molecular weight of the technetium 99m complex 
decreased biliary excretion. For the N1-H series, the correlation coeffi- 
cient is -0.90; for the N1-methyl series it is -0.62. 
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thiazolidine with thiol groups in the skin cannot be determined a t  this 
time. 


Thus, a series of thiazolidine derivatives of progesterone and testos- 
terone were prepared and characterized. Except for VII the thiazolidines 
were found to be inactive or less active than their parent steroids in ani- 
mal models. This lack of activity can be explained by the rapid distri- 
bution of the thiazolidines out of blood followed by a slow release of the 
parent, such that the biological concentration of steroid is always too low 
to be biologically effective. 
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Abstract  0 A new high-performance liquid chromatographic (HPLC) 
method was developed for the analysis of bumetanide in plasma and 
urine. A reversed-phase column was fitted to the instrument and fluo- 
rescent (excitation X = 338 nm, emission X = 433 nm) and UV (254 nm) 
detectors were utilized to monitor simultaneously bumetanide and the 
internal standard, acetophenone, respectively. The assay is rapid, sen- 
sitive, and specific. Plasma bumetanide concentrations can be detected 
as low as 5 ng/ml using a 0.20-ml sample. Time-consuming extraction 
and/or derivatization steps are not required. The only clean-up procedure 
involved is the precipitation of plasma proteins with acetonitrile. 


Keyphrases Bumetanide-high-performance liquid chromatographic 
determination in plasma and urine High-performance liquid chro- 
matography-determination of bumetanide in plasma and urine Di- 
uretics-bumetanide, determination in plasma and urine by high-per- 
formance liquid chromatography 


Bumetanide (3-n-butylamino-4-phenoxy-5-sulfamoyl- 
benzoic acid) is a new, high-ceiling diuretic with a phar- 
macological action similar to furosemide (1-4). However, 
on a molecular weight basis, bumetanide is 40-60 times 
more potent (1-4). Studies describing the pharmacoki- 
netics and disposition of bumetanide have been sparse due 
to the lack of a sensitive and specific assay method. Fluo- 
rimetric (l), GLC (5), radioactive (6,7), radioimmune (8), 
and high-performance liquid chromatographic (HPLC) 
(9) assays currently are available for the determination of 
bumetanide in biological fluids. However, all of these 
methods have inherent disadvantages, including time- 
consuming extraction, derivatization, or incubation steps 


(1, 5-9), large sample requirements (1,5-7,9), poor sen- 
sitivity (1,5), or lack of specificity (1,8). 


Therefore, a rapid, sensitive, and specific HPLC assay 
was developed, without requiring prior extraction and/or 
derivatization, for the measurement of bumetanide in 
plasma and urine. The analytical method is suitable for 
bioavailability and pharmacokinetic studies in dogs and 
human subjects. 


EXPERIMENTAL 


Chemicals-Bumetanide’, acetophenone2, acetic acid3, and phos- 
phoric acid4 were used as received. The methanol3, acetonitrile5 (glass- 
distilled), and deionized water6 were filtered and degassed prior to 
use. 


Standard Solutions-Bumetanide (4.12 mg) was dissolved in 50% 
acetonitrile-distilled water to yield a stock solution of 41.2 Fglrnl. This 
stock solution was diluted 20- (2.06 pg/ml) and 100-fold (0.412 pg/ml) 
to give the working standard solutions for urine and plasma, respectively. 
Acetophenone was diluted in 50% acetonitrile-distilled water to yield 
a 0.50 mg/ml stock solution for urine and a 0.25 mg/ml stock solution for 
plasma. 


Instrumentation-Samples were analyzed using a high-performance 
liquid chromatograph7 equipped with a U6-K universal injectors, a flu- 


’ Hoffmann-La Roche, Nutley, N.J. 
Sigma Chemical Co., St. Louis, Mo. 
Baker Analyzed Reagent, J. T. Baker Chemical Co., Phillipsburg, N.J. 
Certified ACS, Fisher Scientific Co., Fair Lawn, N.J. 
MCB Manufacturing Chemists, Cincinnati, Ohio. 
Milli-Q Reagent-Grade Water System, Millipore Corp., Bedford, Mass 
Model 6000A, Waters Associates, Milford, Mass. * Model U6-K, Waters Associates, Milford, Mass. 
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Table I-Interday Variability of Slopes and Intercepts Derived 
from the Standard Curves of Bumetanide 


L . 
m a 
w' 2.0 
k a 
U 
z 
0 


1.0- 
LT 9 0.8 
W 
> 0.6 a a z 


e 
a 


IT 0.4 
3 
W 


z 


Curve No. Slope Y-Intercept r2 


- 


- 
0 - 


- 


In PlasmaD 
1 0.0235 0.0075 0.9998 
2 0.0251 0.0237 0.9997 
3 0.0249 0.0130 0.9997 
4 0.0232 0.0082 0.9999 
5 0.0234 
Mean 0.0240 
SD 0.0009 


0.0142 0.9997 
0.0133 0.9998 
0.0065 0.0001 


In Urine* 
1 1.674 ~ 0.014 0.9997 
2 1.804 0.022 0.9997 
3 1.829 0.018 0.9993 
4 1.626 0.011 0.9998 
5 1.700 0.011 0.9999 
Mean 1.727 0.015 0.9997 
SD 0.087 0.005 0.0002 


Standard curves were constructed on five different days over a 12-day period. * 11-day period. 


orescence ~pectrophotometer~, and a variable wavelength UV absorbance 
detectorlo. A reversed-phase column" (25 cm X 4.6-mm i.d.1 was fitted 
to the instrument and a dual-pen recorder'* was used at a chart speed 
of 20 cm/hr. Fluorescent (excitation h = 338 nm, emission h = 433 nm) 
and UV (254 nm) detection were used to monitor simultaneously 
bumetanide and the internal standard, respectively. 


Plasma Assay of Bumetanide-Bumetanide stock solution (0.412 
pg/ml) was added in volumes of 0,2.5,5,15,30,50,75, and 100 p1 to 0.20 
ml of blank plasma to provide calibration standards of 0 (no bumetanide 
added), 5.2,10.3,30.9,61.8, 103, 154, and 206 ng/ml. A 50-pl aliquot of 
the internal standard (0.25 mg/ml) was added to the mixture which was 
then shaken on a vortex mixer13. Precipitation of plasma proteins was 
accomplished by addition of 0.40 ml of acetonitrile. The mixture was 
shaken again on a vortex mixer and then sonicated14 for -2 min. After 
10 min of ~entrifugation'~ (0.75 speed), the supernate was transferred 
to a clean test tube. An appropriate aliquot was then injected directly into 
the loop injector. Plasma samples were prepared in an identical manner 
except for the addition of bumetanide stock solution. 


The mobile phase consisted of methanol-water-acetic acid (70301), 
pumped isocratically a t  a flow rate of 1.5 ml/min, at ambient tempera- 
ture. 


Urine Assay of Bumetanide-Bumetanide stock solution (2.06 
pg/ml) was added in volumes of 0,2,5,15,30,50,75, and 100 pl to 0.10 
ml of blank urine and 0.10 ml distilled water to provide calibration 
standards of 0 (no bumetanide added), 0.0412,0.103,0.309,0.618, 1.03, 
1.54, and 2.06 pg/ml. A 50-p1 aliquot of the internal standard (0.50 mg/ml) 


I 
B U M E T A N I D E  


0 3 6 9 0 3 6 9  


Figure I-Chromatograms for blank plasma (A) and for plasma spiked 
with bumetanide and the internal standard, acetophenone (B). De- 
tection: fluorescence (--); UV (- - -). 
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9 Model 650-10S, Perkin-Elmer, Mountainview, Calif. 
10 Model 450. Waters Associates. Milford. Mass. 


Partisil-100DS-3, Anspec Co:, Ann Arbor, Mich. 
l2 Model 585, Linear, Irvine, Calif. 
l3 Thermolyne Maxi-mix, VWR Scientific, Detroit, Mich. 
l4 Bransonic Model 12, VWR Scientific, Detroit, Mich. 
l5 Model HN-SII, VWR Scientific, Detroit, Mich. 
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Figure %-Chromatograms for blank urine (A) and for urine spiked with 
bumetanide and the internal standard, acetophenone (B). Detection: 
fluorescence (--); UV (---). 


was added to the mixture which was then shaken on a vortex mixer. An 
appropriate volume was injected directly into the loop injector. Urine 
samples were prepared in an identical manner except for the addition 
of bumetanide stock solution. 


The mobile phase consisted of 50% acetonitrile in 0.015 M phosphoric 
acid aqueous solution, pumped isocratically a t  a flow rate of 2.0 ml/min, 
a t  ambient temperature. 


RESULTS AND DISCUSSION 


Figure 1 shows a typical chromatogram for the analysis of bumetanide 
in plasma. Using the appropriate mobile phase, as described previously, 
the retention times for bumetanide and acetophenone were 5.5 and 4.0 
min, respectively. A representative standard curve of the bumetanide- 
acetophenone peak height ratio over the bumetanide plasma concen- 
tration range 5.2-206 ng/ml resulted in the following linear least-squares 
regression equation: Y = 0.0235X + 0.0075; r2 = 0.9998. With fluores- 
cence detection, concentrations as low as 5 ng/ml were measured for 
bumetanide (peak to noise ratio 25)  using 0.20-ml plasma samples. 


Figure 2 shows a typical chromatogram for the analysis of bumetanide 
in urine. A different mobile phase than that used for the plasma assay 
was necessary for the analysis of bumetanide in urine, due to the presence 
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Figure 3-Urinary excretion rate versus midpoint time plot of un- 
changed bumetanide after oral administration of 1.0 mg of bumetanide 
to a healthy uolunteer. 
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Table 11-Intraday and Interday Variability of Bumetanide Concentration in Plasma Samples 


Intradayn 
Added, Measured, 
ng/ml ng/ml % Bias‘ 


Interdayb 
Added, Measured, 
ng/ml ng/ml % Biase 


5.2 Mean: 4.8 
SD:  0.1 
c v ,  %: 2.1 


61.8 Mean: 62.9 
SD: 1.4 
c v ,  90: 2.2 


154.0 Mean: 
SD: 
cv, 90: 


152.0 
2.6 
1.7 


-7.7 


1.8 


-1.3 


5.2 


61.8 


154.0 


Mean: 
SD: 
cv, %: 


4.8 
0.2 
4.2 


- 


Mean: 62.2 
SD: 1.6 
cv, Yo: 2.6 


-7.7 


0.6 


Mean: 
SD: 
cv. Yo: 


153.0 -0.6 
3.0 
1.9 


a Mean values represent five different plasma samples. Mean values represent plasma samples analyzed on 5 different days over a 12-day period. % Bias = 100 x 
(measured concentration - added concentration)/added concentration. 


Table 111-Intraday and Interday Variability of Bumetanide Concentration in Urine Samples 


Intradayn Interdayb 
Added, Measured, Added, Measured, 
ng/ml ng/ml % Bias‘ ng/ml ng/ml YO BiasC 


41.2 Mean: 
SD:  
cv;%: 


618.0 Mean: 
SD: 
c v ,  % 


39.6 
1.5 
3.8 


626.0 
15.8 
2.5 


1540.0 Mean: 1510.0 
SD: 7.1 
cv, % 0.5 


-3.9 


1.3 


1.9 


41.2 Mean: 40.5 -1.7 
SD: 2.1 
cv, %: 5.2 


SD: 10.0 
c v ,  %: 1.6 


618.0 Mean: 632.0 2.3 


1540.0 Mean: 
SD: 
cv, %: 


1530.0 -0.6 
33.6 


2.2 


0 Mean values represent five different urine samples. * Mean values represent urine samples analyzed on 5 different days over an 11-day period. % Bias = 100 X (measured 
concentration - added ConcentrationVadded concentration. 


Table IV-Recovery of Bumetanide from Plasma = 0.9997. 
Both the plasma and urine assays were specific with respect to possible 


metabolite interference. Several metabolites of bumetanide (2’-alcohol, 
3’-alcohol, 4‘-alcohol, and 3’-acid), which have been reported recently 
in healthy volunteers (6), were obtained’ and found to elute in the void 
volume prior to the elution of the compounds of interest (bumetanide 
and acetophenone). The desbutyl derivative was not available hut should 
also elute in the void volume. 


Concentration, 
ng/ml 


5.2 


Peak Height Ratio, 
Plasma tiersus Water, % 


97.1 
96.6 
95.1 
93 0 


61.8 


154 


Mean 
SD 


Mean 
SD 


Mean 
sn 


101.0 
96.6 


3.0 


96.4 
102.0 
95.8 


100.0 
97.3 
98.3 
2.6 


100.0 
99.3 


102.0 
101.0 
99.4 


100.0 
._ 1 .o 


of endogenous interference peaks. With the appropriate solvent system, 
as described previously, bumetanide and acetophenone had retention 
times in urine of 6.5 and 4.5 min, respectively. A representative standard 
curve of bumetanide-acetophenone peak height ratio over the bumeta- 
nide urine concentration range 0.0412-2.06 pg/ml resulted in the fol- 
lowing linear least-squares regression equation: Y = 1.674X + 0.014: r2 


Standard curves of bumetanide in plasma (5.2-206 ng/ml) were con- 
structed on 5 different days to determine the variability of the slopes and 
intercepts (Table I). The results show little day-to-day variability of slope 
and intercept as well as good linearity ( r 2  >0.999) over the plasma con- 
centration range studied. The coefficient of variation for the slope was 
3.890. Standard curves of bumetanide in urine (0.0412-2.06 pg/ml) were 
also constructed (Table I). The coefficient of variation for the slope was 
5.0% and all five curves showed good linearity ( r2  >0.999) over the urine 
concentration range studied. 


Table I1 shows the intra- and interday precision and accuracy for the 
plasma assay of bumetanide, assessed a t  three concentrations. The pre- 
cision of the assay, as determined by the coefficient of variation, was 
54.2% intraday as well as interday. In addition, the assay was quite ac- 
curate even at plasma concentrations as low as 5.2 ng/ml (bias = 7.7%). 
Other plasma concentrations had a bias 61.8%. A similar comparison was 
made for the urine assay of bumetanide as shown in Table 111. The 
method was found to he precise (CV 15.2%) and accurate (bias 53.9%) 
intraday as well as interday. 


The recovery of bumetanide from plasma proteins was assessed by 
comparing the bumetanide-acetophenone peak height ratio in plasma 
samples uersus samples prepared in water. Five comparisons a t  three 
different concentrations were made. As shown in Table IV, the recovery 
of bumetanide from plasma was essentially complete a t  all concentra- 
tions. 


Stability studies of plasma spiked with humetanide (12.0, 50.0, and 


Table V-Stability of Bumetanide in Plasma 


Added Concentration, Measured Concentration/Added Concentration, (70 Days 
ng/ml 0 1 3 8 2 1  31 


12.0 96.7 100.0 __ 104.0 108.0 97.5 
50.0 104.0 98.4 97.6 99.6 96.2 95.0 


140.0 102.0 99.3 97.1 99.3 100.0 101.0 
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140 ng/ml) were performed over a 31-day period (Table V). Plasma 
samples were stored in the freezer a t  -20' until the time of analysis. The 
results demonstrate that bumetanide can he stored frozen in plasma for 
a t  least 1 month without degradation. 


Figure 3 shows a urinary excretion rate uersus midpoint time plot of 
unchanged bumetanide after oral administration of 1.0 mg of bumetanide 
to a healthy volunteer. The biological half-life, as determined by linear 
regression using the last four data points from the log-linear terminal 
portion of the curve, was 84.5 min. The fraction of the oral dose excreted 
unchanged in the urine was 0.445. Both of these parameters are in 
agreement with values from other studies (5,6-8,lO). 
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Abstract A simple potentiometric method for the determination of 
drugs having a carboxyamide group is described. Ethenzamide, niaci- 
namide, pyrazinamide, or salicylamide was refluxed with 20% HCI and 
the carboxyamide was hydrolyzed. The ammonia evolved a t  a pH >11 
and was determined without separation from the decomposition solution 
using an ammonia gas-sensing electrode. A linear calibration plot was 
obtained with drugs in the range of 2 X 10-5-1 X M. This method 
was applied to the analysis of injection and powder-containing auxiliary 
compounds. 


Keyphrases Ammonia gas-sensing electrode-analysis of drugs with 
a carboxyamide group by decomposition with acid Potentiometry- 
determination of ammonia using an ammonia gas-sensing electrode 
Carboxyamide groups-determination of carboxyamide moiety using 
ammonia gas-sensing electrode analysis 


Methods for the determination of drugs having a car- 
boxyamide group are based on the determination of am- 
monia liberated by refluxing the carboxyamide compounds 
in alkaline solution. The ammonia is distilled and deter- 
mined by titration. The methods described in the United 
States (l), British (2),  and Japanese (3) Pharmacopoeias 
are based on these principles. Spectrophotometric methods 
of analysis for the determination of carboxyamide having 
a pyridine ring are based on the Konig reaction (4) of 
pyridine derivatives with cyanogen bromide. These 
methods are sensitive and relatively free from interference; 
however, they have the disadvantage of using the ex- 
tremely toxic cyanogen bromide. Polarographic and mi- 
crobiological methods (5) have also been employed, but 
they are tedious and time consuming. The gas-permeable 
membrane electrode is advantageous because of its sim- 
plicity, accuracy of assay, and lower cost compared with 


the conventional methods. However, its applications to 
drug analysis have not been widely reported in the litera- 
ture, although the analysis of N-unsubstituted carbamates 
and meprobamate has been studied (6). 


This paper describes a potentiometric method for the 
determination of drugs having a carboxyamide group. 
Assay methods for ethenzamide (0-ethoxybenzamide), 
salicylamide, niacin (nicotinamide), and pyrazinamide 
were developed. The samples were refluxed with 20% HCl 
and the carboxyamide was hydrolyzed, liberating an 
equivalent amount of ammonium ion. After alkalinization, 
the ammonia was determined with an ammonia gas- 
sensing electrode. 


EXPERIMENTAL 


Apparatus-The ammonia gas-sensing electrodel consisted of an 
ammonia gas-permeable membrane, a pH glass-electrode, and a silver- 
silver chloride reference electrode. The potential measurement system 
consisted of a pH/mV meter2 and recorder2. 


All measurements were carried out a t  20" in an 80-ml cell equipped 
with a magnetic stirrer. 


Reagents-Ethenzamide4, ~alicylamide~, and pyrazinamide4 were 
purified twice by recrystallization from water and then dried in uucuo 
a t  room temperature for 5 hr. Niacinamide5 was dried in uucuo a t  room 
temperature for 4 hr. Other chemicals used were reagent grade. 


A stock solution of 0.1 M NH&l was prepared for testing the ammonia 
response of the electrode, and 5 M NaOH was employed to adjust the pH 
of the solution to within the operating range of the electrode. 


Model 5002-05 T, Horiba, Co., Kyotn, Japan. 
Model F-7ss, Hitachi-Horiha Instruments, Horiba Co., Kyoto, Japan. 
Model EPR-22A, Toa-Denoa Co.. Tokvo. Jaoan. . .  
Tokyo Kasei Co., Tokyo, .Japan. 
Japanese Pharmacopoeia Reference Standard 
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Abstract 0 A simple and rapid quantitative method for the derivati- 
zation and determination of lipophilic chloroethylnitrosoureas is de- 
scribed. This procedure involves the ether extraction of the chloroeth- 
ylnitrosourea from plasma and conversion of the parent drug to an 0- 
methylcarbamate by reaction in anhydrous methanol. The product 0- 
methylcarbamate may be separated with gas chromatography (GC) and 
detected with nitrogen-specific GC detectors or with mass spectrometry 
using multiple-ion detection. The lower limit of detection for each method 
was -100 ng/ml plasma. 


Keyphrases 0 Cancer chemotherapeutic agents-lipophilic chlo- 
roethylnitrosoureas, quantitation Chloroethylnitrosoureas-quanti- 
tation by gas chromatography 0 Gas chromatography-quantitation of 
lipophilic chloroethylnitrosourea cancer chemotherapeutic agents 


The described assay was applied to 1,3-bis(2-chlo- 
roethyl) - 1 -nitrosourea (carmustine, I), 1-( Z-chloro- 
ethyl) -3-cyclohexyl-1-nitrosourea (lomustine, 11), 1 - (2- 
chloroe thyl) -3- (4 - trans - methylcyclohexyl) - 1 -ni trosourea 
(semustine, 111), 1-(2-chloroethyl)-3-(2,6-dioxo-3-piper- 
idyll-1-nitrosourea (IV), and 1-(2-~hloroethyl)-3-(4- 


amino-2-methyl-5-pyrimidinyl)methyl-l-nitrosourea (V)l. 
The clearance curve for IV from rat plasma is presented 
as an example of the application of this method to the 
determination of biodistribution parameters. 


BACKGROUND 


The chloroethylnitrosoureas are a class of highly effective and widely 
used cancer chemotherapeutic agents (1-3). Analysis of these drugs in 
plasma at  therapeutically significant concentrations has proven to be 
difficult,. Although several methods of analysis have been reported, pone 
are generally applicable to patient pharmacokinetic analyses. As a con- 
sequence, only carmustine pharmacokinetics has received detailed study 
(4). 


Chloroethylnitrosoureas are thermally labile and decompose at  or 
below 100’ so that the parent compounds cannot be analyzed with gas 
chromatography (GC) (5). Compounds of this class are readily separated 
with high-performance liquid chromatography (HPLC) (6); however, the 
low wavelength and molar absorptivity of the nitrosourea chromophore 


These compounds are commonly referred to b their respective 
nations BCNU, CCNU, Methyl-CCNU, PCNU, anJACNU. 


code desig 


0022-3549/82/0200-0 153$0 1.001 0 
@ 1982, American Pharmacbutical Association 


Journal of Pharmaceutical Sciences I 153 
Vol. 71, No. 2, February 1982 







(A,,, 232 nm, t 6000) causes this approach to lack sensitivity even when 
variable-wavelength UV detectors are used. An assay limit of 2-5 pg/ml 
of plasma was found with I1 (7,8). Compound V is an exception to this 
generalization, as the pyrimidinyl substituent is a superior chromophore 
(9). Both HPLC and GC analyses are hindered by the fact that  the 
chloroethylnitrosourea group is difficult to derivatize. 


Radiolabeled chloroethylnitrosoureas, especially I and 11, have been 
used for the measurement of tissue concentrations of parent drug either 
without separation (10,l l)  or after isolation of unchanged drug with TLC 
(12) or HPLC2. This approach is sensitive but the use of radioactive 
tracers in patients is limited. The colorimetric assay developed by Loo 
and Dion (13) has a lower detection limit than HPLC but does not posse9s 
sufficient sensitivity to assay patient plasma samples. This assay involves 
the acid-catalyzed decomposition of nitrosourea to nitrous acid which 
is subsequently trapped and analyzed using the Bratton-Marshall 
method (14). This approach lacks the specificity necessary to distinguish 
between parent drug and biologically active metabolites that  retain the 
nitrosourea moiety. 


Recently reported polarographic methods have the requisite sensitivit,y 
but are susceptible to interference from plasma components and also lack 
specificity (15). Patient pharmacokinetic studies of carmustine biodis- 
tribution have been performed using direct sample insertion chemical- 
ionization mass spectrometry (5). The method was successful because 
of the relatively high lipophilicity and volatility of I and is not applicable 
to less volatile analogs such as I1 and IV. 


The described analytical procedure may be applied to different chlo- 
roethylnitrosourea analogs. The parent nonpolar chloroethylnitrosoureas 
may be extracted from plasma and converted to a stable 0-methylcar- 
bamate by reaction in anhydrous basic methanol. The O-methylcarba- 
mate products may be separated with GC and detected at high sensitivity 
with multiple-ion detection mass spectrometry or with nitrogen-specific 
GC detectors. 


EXPERIMENTAL 


Materials-Reagents used to convert chloroethylnitrosoureas3 to 
0-methylcarhamates were 0.2 M trimethylanilinium hydroxide in an- 
hydrous methanol4, 10% freshly distilled triethylamine5 in anhydrous 
methanol", 10% reagent grade pyridine5 in anhydrous methanol5, and 
2% sodium methoxide in anhydrous methanol prepared by reacting so- 
dium metal with anhydrous methanol. 


Instrument Conditions-GC separations of 0-methylcarbamate 
derivatives of chloroethylnitrosoureas were performed on instruments 
equipped with 1.5 m long, 2-mm i.d. glass columns packed with 3% OV- 1 
on 100-120 mesh Supelcoport6. An instrument equipped with a flame- 
ionization detector7 and an instrument equipped with a nitrogen-specific 
detector8 used helium carrier gas a t  a flow rate of 40 ml/min. An instru- 
ment interfaced to a mass spectrometer9 operating in the multiple-ion 
detection mode and equipped with a chemical-ionization source used 
methanelo as a combined carrier and reagent gas. In each case, an injec- 
tion port temperature of 210' was used. Column oven temperatures were 
varied according to the nitrosourea derivative being analyzed. 


Derivatives of I and I1 were eluted using linear temperature pro. 
gramming with an initial temperature of 70' increasing 4"/min starting 
a t  the time of injection. The derivative of I eluted in -2 min a t  80" and 
I1 eluted in -6.5 min a t  95". Isothermal column oven conditions may be 
used for other derivatives and derivatives of I1 and 111 may he eluted a t  
110" with retention times of -2.0 and 3.0 min, respectively. Compounds 
IV and V may be eluted a t  160" as N-methyl-0-methylcarbamates with! 
retention times of -2.0 and 3.0 min, respectively. GC-mass spectrometric 
operations were performed a t  an ion-source pressure of 1.0 mm methane 
and temperature of 200". 


Extraction and Derivative Formation-Chloroethylnitrosoureas, 
0.05-1.0 p g ,  were added to 1.0 ml of plasma or to 1 .O ml of 0.05 M phos- 
phate buffer (pH 7.4) and extracted with 3.0 ml of ether. The 2.0-ml ether 
layer was removed and placed into a 3.0-ml cone-shaped interior vial" 


~~ ~ ~~~ 


V. A. Levin and P. Kabra, unpublished results. 
Compounds I-IV were obtained from Dr. Robert Engle of the Drug Develop- 


ment Branch, Division of Cancer Treatment, National Cancer Institute and V was 
obtained from Sayko Co. Ltd., Japan. 


Methelute. Pierce Chemical Co. 
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6 Supelco, Inc. 
Varian Associates model 2100. 
Perkin-Elmer model L-14. 
Finnigan Corp. model 3200. 
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1' American Srientific Products. 
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Figure 1-A chromatogram of  0-methylcarbamates  derived from I I  
and IIL Separations were performed using a 3% OV-1 column a t  110' 
and detected using a nitrogen-specific detector. T h e  amounts injected 
on-column were calculated from the  amounts  of I I  (50 ng) and I I I  (250 
ng) extracted irom 1 ml of water, derivatized with 20 pl  of 27; sodium 
methoxide i n  anhydrous methanol and injected assuming 1007; con- 
version a t  each step. 


containing 1.0 pg of a reference chloroethylnitrosourea. The ether was 
evaporated to dryness under a nitrogen stream a t  ambient temperature. 
Approximately 50 pl  of derivatizing reagent was added. Compounds IV 
and V were derivatized with 0.2 M trimethylanilinium hydroxide in an- 
hydrous methanol4. Compounds 1-111 were derivatized with 2% sodium 
methoxide in anhydrous methanol. The reagent-chloroethylnitrosourea 
mixture was heated a t  50' for 20 min in the capped cone-shaped vial11. 
Approximately 1 pl of this mixture was injected onto the chromatograph 
column and the peak height ratios were determined. These peak height 
ratios were compared with those obtained from the analysis of the same 
amounts of chloroethylnitrosoureas added directly to ether and avoiding 
the extraction step to determine extraction efficiency. 


Derivatization conditions were optimized by comparison of absolute 
peak heights obtained from heating derivatizing reagents with chlo- 
roethylnitrosoureas a t  different temperatures and for various times. 
Optimal peak heights were obtained on heating the reagent mixtures a t  
50" for 20 min. No decrease in peak heights was observed on heating for 
longer periods. 


Analysis of IV with V as Standard-A 0.1-0.5-ml plasma sample 
containing IV was mixed12 with 3.0 ml of ether. The ether (2.0 mi) was 
removed and placed in a 3.0-ml cone-shaped vial" containing 10 p1 of 
a 100 pg/ml stock solution of V in ether (1.0 pg, 3.5 nmoles). The ether 
was evaporated to dryness under a nitrogen stream a t  ambient temper- 
ature. Approximately 20 pl of 0.2 M trimethylanilinium hydroxide in 
anhydrous methanol4 was added, mixed, and heated at 50' for 20 min 
in a capped cone-shaped vial. Approximately 1.0 pl of this mixture was 
injected onto the column. The eluted peaks were detected with mass 
spectrometry using multiple-ion detection of ions m / z  183.1 for IV and 
m/z 191.1 for V-derived products. The peak height ratio of 183.1h93.1 
was determined, and the plasma IV concentration was calculated by 
reference to a standard curve obtained using the described procedure with 
known concentrations of IV in plasma. Alternatively, the eluted GC peaks 


12 Vortex mixer, VWR Scientific Inc. 
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may be detected with a nitrogen-specific detector and the peak height 
ratios determined. The plasma concentration was calculated by reference 
to a standard curve obtained using this detection method. 


Analysis of Other  Chloroethylnitrosoureas-The described pro- 
cedure for the analysis of IV may be followed for the analysis of plasma 
containing V by using IV as a standard. 


Compounds 1-111 may be quantified by mixing 0.1-0.5 ml of plasma 
containing a chloroethylnitrosourea with 3.0 ml of ether. The ether (2.0 
ml) was removed and placed in a 3.0-ml cone-shaped vial containing 1.0 
pg of a standard chloroethylnitrosourea. Recommended standards are 
I1 for quantification of I or 111, and 111 for quantification of 11. Approxi- 
mately 20 pg of 2% sodium methoxide in anhydrous methanol was added, 
mixed, and heated a t  50° for 20 min in a capped cone-shaped vial. Ap- 
proximately 1.0 p1 of this mixture was injected onto the column. 


The eluted peaks were detected with mass spectrometry using multi- 
ple-ion detection of ions mlz 138.1 or 102.1 for I, mlz 158.1 for 11, and mlz 
172.1 for 111-derived products. The respective peak height ratios may be 
determined and used to calculate plasma concentration by reference to 
a standard curve obtained using the described procedure for analysis of 
known amounts of sample and reference chloroethylnitrosourea. Eluted 
GC peaks may be detected using a nitrogen-specific GC detector to obtain 
the corresponding peak height ratios which may also be used to calculate 
plasma concentrations. 


Clearance from Ra t  Plasma-Male Fisher-344 rats, 230-290 g, were 
anesthetized by an intraperitoneal injection of pentobarhital and cath- 
eters were inserted into the saphenow artery and vein. After intravenous 
administration of 100 USP units of heparin sodium, rats were adminis- 
tered 22.2-22.9 mg of IV/kg iv for 20 sec. Samples of arterial blood were 
removed through the arterial catheter a t  1,2,4,6,10: 15,30,60,90,120, 
and 180 min following intravenous administration. Individual 0.2-0.5-ml 
samples were placed in 1.5-ml capped micro test tubes and centrifuged13 
immediately a t  8OOOXg for 30 sec. A known volume (0.1-0.3 ml) of plasma 
was removed and analyzed as described. 


RESULTS AND DISCUSSION 


Clinically studied chloroethylnitrosoureas are a class of drugs that 
share a common reactive nitrosourea moiety but may contain a variety 
of N-substituents, some of which are shown in Scheme I. The described 
assay employs the known base-catalyzed decomposition reaction of 3- 
substituted l-(2-chloroethyl)-l-nitrosoureas to 2-chloroethylazohy- 
droxide and N-substituted isocyanates (16-21). In this assay, the de- 
composition reaction is carried out in anhydrous methanol where the 
intermediate isocyanates react to yield N-substituted-O-methylcarba- 
mates (22) as shown in Scheme 11. The carbamate products are formed 
in >90% yield and retain the characteristic R-substituent of the different 
chloroethylnitrosoureas and their biologically active metabolites (23, 24). 
The 0-methylcarbamate derivatives are readily separated by GC and 
may be detected using a variety of methods. 
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Scheme I-The structure of lipophilic chloroethylnitrosourea cancer 
chemotherapeutic agents. 
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Scheme II-The reaction of chloroethylnitrosourea in  basic anhydrous 
methanol leads to the formation of2-chloroethyldiazotate and substi- 
tuted isocyanate. The  isocyanate reacts with soluent methanol togiue 
a stable 0-methylcarbamate deriuatiue. 


The assay procedure requires that the nitrosourea be extracted from 
plasma. All of the analogs studied (Scheme I) are lipophilic and are readily 
extracted from aqueous media by organic solvents. The least lipophilic 
analog, IV, has an octanollwater partition coefficient of 2.3. The ex- 
traction efficiency of this compound from 0.5 ml of plasma by a sixfold 
volume excess of ether is high. When ratios of known amounts of IV to 
V are plotted against observed peak height ratios, the same slope is ob- 
tained from the analyses of known amounts of both compounds following 
extraction of both components from plasma, and following extraction 
of IV from plasma using V as a standard. These results confirm that both 
compounds may be extracted from 0.5 ml of plasma by 3.0 ml of ether in 
>90% efficiency. 


The decomposition of chloroethylnitrosoureas to alkylisocyanates is 
catalyzed by organic and inorganic bases. Although the choice of catalyst 
is not critical, 2% sodium metboxide in anhydrous methanol is a conve- 
nient reagent compatible with GC nitrogen-specific detectors and with 
mass spectrometric detection under chemical-ionization conditions. This 
reagent may be used for the analysis of IV and V as well as the other 
chloroethylnitrosoureas listed in Scheme I. Trimethylanilinium hy- 
droxide in anhydrous methanol may be used for the analysis of IV and 


L i  
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Figure 2-GC-mass spectrometric selected ion traces for IV and V 
obtained f rom rat plasma following the described assay procedure for 
IV using V as a standard. The upper portion of the figure is the analysis 
of V i n  rat plasma following intravenous administration of a 22.5-mglkg 
bolus of IV. The  lower portion shows the data output operating near the 
limit of detection in which an estimated 2.0 ng of derivative was injected 
on-column. 
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Figure 3-Plasma clearance curves obtained following the intrauenous 
administration of 22.5-mglkg bolus of IV to 230-290-g male Fisher-344 
rats. Compound IV was analyzed following the procedure using V as 
a standard. The GC eluate was monitored using mass spectr0metr.y 
multiple-ion detection. 


V but is not recommended for the analysis of other analogs. This reagent 
acts as an on-column methylating agent as well as a basic catalyst. 


Reaction of a chloroethylnitrosourea a t  50" for 20 min in the reagent 
forms the 0-methylcarbamate (Scheme 11). Injection of the mixture onto 
the GC column a t  an injection port temperature of 210" pyrolyzes the 
trimethylanilinium ion and transfers a methyl group onto the nitrogen 
of the 0-methylcarhamate. The resulting NJV-disubstituted carbamate 
has good GC characteristics. N-Methylation also facilitates chemical- 
ionization induced fragmentation to the (MH-HOCH3)+ ion, thereby 
concentrating the ion current a t  a single mass and improving detection 
sensitivity. However, the on-column methylation of 1-111 and derived 
0-methylcarbamates is not complete under these conditions, so that the 
use of this reagent leads to partial methylation and generation of two GC 
peaks for each compound. 


GC peak detection was performed using flame-ionization detectors, 
nitrogen-specific detectors, and multiple-ion detection mass spectrom- 
etry. Flame-ionization detection of plasma-extracted I has a detection 
limit of 100 ng injected on-column. This rather high limit is due, in part, 
to the poor separation between the volatile I derivative and plasma 
contaminants. Although the flame-ionization detection limit may be 
lower for other chloroethylnitrosourea analogs and GC column packings, 
this method was not pursued because the nitrogen-specific GC detector 
proved to be a much more sensitive and selective device with approxi- 
mately the same cost and complexity as the flame-ionization detector. 


Figure 1 shows a chromatogram obtained from the rapid elution of 2.5 
ng of 11- and 10.0 ng of 111-derived products injected on-column. This 
detection limit is well within that needed to perform pharmacokinetic 
studies and is similar to that observed using mass spectrometric detection. 
The values for on-column injection were calculated from the amounts 
of I1 and 111 extraction from water, derivatized, and injected, assuming 
100% efficiency a t  each step. The selectivity of the nitrogen-specific de- 
tector for compounds containing the C-N bond provides chromatograms 
of neutral plasma ether extracts that are relatively free from interfering 
peaks. 


Multiple-ion mass spectrometric monitoring of GC peaks is a sensitive 
and selective detection method. A GC-selected ion trace of IV and V 
derivatives where IV was extracted from plasma using V as a standard 
is shown in Fig. 2. The monitored ions are the N-methyl-O-methylcar- 


Table I-Plasma Clearance Pharmacokinetic Parameters 
Calculated a from the Clearance Curves Obtained Following a 
22.5-mg/kg iv Bolus Dose of IV to 230-290-g Male Fisher-344 
Rats 
v1 0.65 (0.36) 
V? 1.07 (0.70) 
VdSS 1.72 (0.79j 
k 10 0.061 (0.015) 
k 12 0.080 (0.039) 


0.051 (0.014) k 21 
A UC 508 (111) 
Clearance 0.036 (0.011, 


literdkg 
l i t edkg  
literdkg 
min-l 
min-' 
min-1 
Fg min/ml 
literdmin 


~~~~~~~ ~ 


The data were fit to a two-compartment open model (25). Values presented 
are the mean f S D  of five separate experiments. 


bamate derivative (MH-HOCHs)+ fragment ions m/z 183.1 for IV and 
193.1 for V. The upper portion of Fig. 2 shows the analysis of a rat plasma 
sample following administration of IV. The lower portion shows the de- 
tection limit of IV at 2 ng injected on-column. This amount was calculated 
from the amount of IV added to plasma and injected on-column assuming 
100% efficiency of extraction, derivatization, and sample transfer. The 
actual amount of 0-methylcarbamate injected may be less. 


The described detection method was used to measure the clearance 
of IV from rat plasma following intravenous administration of a 22.5 
mg/kg bolus. The detection limit in rat plasma was 100 ng/ml using 300-~1 
plasma sample volumes. Clearance curves were obtained for five animals. 
Three of these curves are shown (Fig. 3). The clearance curves were fitted 
to two exponentials using a computer program for nonlinear iterative 
curve fitting. The data were further analyzed by a two-compartment 
model for biodistribution (25). Mean pharmacokinetic parameters cal- 
culated from the five clearance curves (Table I) illustrate the suitability 
of the described analytical method for the determination of phar- 
macokinetic parameters. 


Comparison of the biodistribution parameters of IV with those of the 
more lipophilic analog I (26) show that the volume of distribution and 
compartment volumes are comparable. The major difference between 
the two agents is that  the area under the clearance curve for I, AUC = 
359 f 68 wg min/ml, following administration of a 26 mg/kg iv bolus to 
male Fisher-344 rats, is significantly less than that for IV. The importance 
of a prolonged presence of parent drug in plasma is not clear in the case 
of the chloroethylnitrosoureas because the parent agent must be chem- 
ically converted to reactive intermediates and, therefore, cleared from 
plasma to be active. 


CONCLUSIONS 


The described assay leads to the formation of chloroethylnitrosourea 
derivatives that retain the R group characteristic of the analogs in this 
series. As a consequence, this method has the potential to be applied to 
the analysis of biologically active hydroxylated I1 and 111 metabolites. 
For example, hydroxylated I1 metabolites may be extracted from plasma 
or incubation medium with ether (27) and analyzed by the described 
procedures since ring-hydroxylated I1 analogs can be separated as 0- 
methylcarbamates on OV-1 GC  column^'^. 
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Abstract The development of a specific high-pressure liquid chro- 
matographic (HPLC) assay, having a quantitative detection limit of 0.4 
pg/ml, is described for plasma indocyanine green. In a preliminary study, 
the HPLC method demonstrated that the traditional spectrophotometric 
procedure inaccurately quantitates the dye’s degradation in aqueous 
medium since degradation products that  absorb light a t  770 nm are 
formed. In a further study, the spectrophotometric method yielded an 
erroneously low clearance of indocyanine green in the rabbit. In addition, 
the HPLC assay points to the possibility of metabolite formation of the 
dye in viuo. 


Keyphrases Indocyanine green-high-pressure liquid chromato- 
graphic analysis 0 High-pressure liquid chromatography-analysis of 
indocyanine green Dyes-indocyanine green, high-pressure liquid 
chromatographic analysis 


Indocyanine green, an organic anion, has been used to 
determine cardiac output (1, a), hepatic blood flow (3-51, 
and hepatic function (3-9). Analytical methods have been 
based on the dye’s absorbance a t  775--800 nm. These pro- 
cedures employ either direct, continuous measurements 
of dye in circulating whole blood with a densitometer (1, 
2, lO) or standard spectrophotometric analysis of harvested 
plasma following discrete blood sampling (3-9). 


BACKGROUND 


In uitro studies (10-12) determined that aqueous solutions of indo- 
cyanine green degrade quickly in a concentration-dependent fashion. 
However, in the presence of plasma or albumin, dye stability is much 
improved. 


In  uiuo experiments demonstrated a saturable process for indocyanine 
green uptake hy the liver (13,14) and a biexponential decline in plasma 
levels for rats, rabbits, dogs, and humans ( 5 ,  6 ,  9, 15). Elimination of 
unchanged dye by the liver into bile has been thought to be the sole 


method for indocyanine green clearance. Evidence for this reported ab- 
sence of metabolites was obtained from paper chromatographic analysis 
of plasma and bile samples (3 ,5 ,  16,17). 


The reliability of this information depends on the perceived specificity 
of the spectrophotometric analysis method. Another procedure was 
needed to examine the existing methods critically. This report describes 
a high-pressure liquid chromatographic (HPLC) method for analysis of 
indocyanine green. Preliminary data are presented, highlighting dis- 
crepancies between the HPLC and spectrophotometric methods for the 
determination of in uitro dye stability and in viuo pharmacokinetics. 


EXPERIMENTAL 


HPLC Instrumentation-A high-pressure pump’, a high-pressure 
injectorz, UV detector3 (225 nm), and a recorder4 comprised the chro- 
matographic apparatus. Chromatography was performed on a re- 
versed-phase column5, using a reversed-phase precolumn6 to extend 
column life. The mobile phase, a t  a flow of 2 ml/min, was composed of 
47 parts of a~etoni t r i le~,  3 parts of methanol7, and 50 parts 0.05 M 
KH2P04-NazHP04 buffer8 (pH 6). A spectrophotometric scang of in- 
docyanine greenlo in reagent grade water” showed a peak a t  770 nm (€  
= 1.43 X lo5) and another a t  210 nm ( t  = 5.17 X lo4). T o  minimize in- 
terference from plasma constituents and to maximize detector perfor- 
mance, a nonoptimal wavelength (225 nm) was used for detection pur- 
poses ( 6  -60% of that a t  210 nm). 


Preparation of Standards-For the preparation of calibration curves, 
methanolic solutions of indocyanine green (20,15, 10,7,4,2,1,0.5,0.2, 


Altex model 100. 
Valco Universal inlet HPLC valve. 
LDC Spectro Monitor I. 
Tracor Westronics MT. 
Hibar 11, CIS, 10 gm,  250 X 4.6-mm i.d. 
Perisorb, C18, 30-40 pm, 40 X 3.2-mm i d .  
Glass distilled, Burdick & Jackson. 
Certified ACS, Fisher Scientific. 
Cary model 118, Varian. 
Cardio-Green, Hynson, Westcott and Dunning. 


l 1  Double distilled. 
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Abstract  A series of 14 antibacterial N-[w,w'-bis(cycloalky1, bicy- 
clo[2.2.l]heptyl, and substituted phenyl)-sec-alkyl]-l,3-diamino-2- 
propanol dihydrochloride salts were synthesized as potential topical 
antiseptics and disinfectants. Four derivatives which were particularly 
effective against Pseudomonas aeruginosa encompassed the three diverse 
ring-type substituents and an 8-n-pentadecyl moiety. The calculated 
Hansch hydrophobic parameter (n) for the N-substituents of the more 
efficient compounds were in the range 7.0-9.0 and correlated with min- 
imal inhibitory activity as a parabola for all of the products under the 
assay conditions. The potencies against Gram-positive and other 
Gram-negative bacteria were comparable to benzalkonium chloride and 
chlorhexidine. 


Keyphrases Antibacterials-potential, N-[w,w'-Bis(alicyc1ic and 
aryl)-sec-alkyl]-1,3-diamino-2-propanol dihydrochloride salts Pseu- 
domonas aeruginosa-effect of potential antiseptics and disinfectants 
0 Hansch hydrophobic parameter-correlation with efficiencies of po- 
tential antibacterials 


Antimicrobial agents have been sought from among 
N-mono-(l), N,N'-bis(mono)- (2, 3), and disubstituted 
1,3-diamino-2-propanol salt derivatives (4). The present 
report describes the synthesis of N-substituted sec-alkyl 
compounds of the first type, the in uitro antibacterial 
assay, and a potential structure-activity relationship. This 
study is part of an effort to develop antiseptics and disin- 
fectants especially effective against Pseudomonas aeru- 
ginosa (5). The cell envelope of Gram-negative bacteria 
presents a permeability barrier which includes high lipid 
content, anionic lipopolysaccharides, and proteins (porins) 
apparently able to form molecular size-limiting channels 
trans-outer membrane (6). Variation of the sec-alkyl group 
by symmetrical substitution of the w,w' carbon atoms with 
alicyclic or aryl moieties provided products with differ- 
ences in lipophilicity, geometry, and surfaces with proton 
or electron enrichment. Interestingly, a recent report noted 
that single methyl branching introduced on a long-chain 
alkyl group in several tertiary amines, caused a loss of in- 
hibitory action for Gram-negative bacteria but not toward 
Gram-positive bacteria (7). 


RESULTS AND DISCUSSION 


Syntheses-The dihydrochloride salts la-In were prepared by con- 
densation of the requisite symmetrical alkanone and 1,3-diamino-2- 
propanol to form the Schiff base, followed by reduction of the carbon- 
nitrogen double bond by catalytic hydrogenation or with sodium boro- 
hydride, and neutralization with hydrogen chloride in diethyl ether, 2- 
propanol, or binary mixtures (2,8,9).  Yields were 40-90%. Compounds 
Id (5) and I1 (9) were reported previously. The ketone-starting materials 
for Ia, Ib, and I f  were purchased' or were obtained from earlier N-sub- 
stituted triamine and tetramine syntheses (5), for Ic-e, Ih-1, and were 
known for Im (10). The preparation of ketones required for Ig and In is 
described under Experimental. 


Microbiology-The minimal inhibitory concentrations of the com- 
pounds were determined by an agar dilution method. Stock solutions of 


the 14 compounds containing 1 or 10 mg/ml in dimethyl sulfoxide were 
added to melted sterile nutrient agar2 to give the desired final concen- 
trations, and 10 ml was pipetted into Petri plates. The concentrations 
tested were 200,100,80,60,50,40,30,20,10,8,6,4,2, and 1 pg/ml(5,11). 
The dimethyl sulfoxide had no inhibitory effect on the test bacteria. The 
test bacteria were shaken a t  220 rpm for 20 hr at 37" in 10 ml of brain- 
heart broth2, diluted to in fresh brain-heart broth, and spot inoc- 
ulated onto the surfaces of the agar plates containing the test compounds. 
The number of colony-forming units in each inoculated spot was -lo5. 
The plates were scored after a 20-hr incubation a t  37". The minimum 
inhibitory concentration is the lowest concentration of compound that 
completely inhibited growth by macroscopic examination. All assays were 
run in duplicate. The results are shown in Tables I and 11. 


The more potent pseudomonad inhibitors of the series (Table I) rep- 
resented practically all substituent variations; namely, linear alkyl (Ib), 
alicyclic (Id and Ie), and electron-donor substituted aryl (Ii). The effi- 
ciency, comparable to chlorhexidine, could be linked to the lipid-water 
partition property and apparently was not sensitive to steric, electronic, 
and bulk factors. However, no attempt was made to analyze structure- 
activity relationships by molecular connectivity (12) or polarizability 
parameters (13). 


Structure-Activity-The calculated hydrophobic parameter, x ,  (14) 
for the [R(CH2)"I2 groups of the best inhibitors was in the range 7-9. 
Regression analysis using the least-squares method indicated, within 95% 
confidence limits, a parabolic relationship with minimal inhibitory 
concentration for both pseudomonad strains and provided the predicted 
curves: minimum inhibitory concentration (pg/ml) = 1340.68 (f279.13) 
- 343.39 (f78.11) x + 22.40 (f5.25) x2 for strain MB418 (n = 14, r = 
0.8048, and s = 55.65) (Fig. 1); minimum inhibitory concentration (pg/ml) 
= 1343.55 (f285.83) - 346.38 (f79.99) x + 22.69 (f5.38) x2 for strain 
MB2245 (n  = 14, r = 0.7985, and s = 56.90); where n is the number of 
assayed compounds used, r is the correlation coefficient, and s the 
standard deviation from the regression line. 


Use of a lipid group-calculated x for correlation purposes (the polar 
base moiety remaining constant in the series) avoided problems associ- 
ated with whether the active molecular species was neutral, ionic (15), 
or metal chelated (16). 


The broad spectrum assay (Table 11) showed a similar ordering in 
which compounds with high inhibitory potency for Gram-negative bac- 
teria (e.g., Escherichia coli) were comprised of diverse substituent groups. 


225 


100 - 


50 


25 


- 
- 


4.5 4.9 5.3 5.7 6.1 6.5 6.9 7.3 7.7 8.1 8.58.99.3 9.710.1 
A 


Figure 1-The calculated Hansch hydrophobic parameter Ix) for the 
lipoidal substituent, [R(CHd,J2 (Table I), of N-substituted 1,3-di- 
amino-2-propanol dihydrochlorides and in vitro minimal inhibitory 
concentration; (-) regression analysis predicted curve: P. aeruginosa 
MB418. 


Aldrich Chemical Co. 
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Table I-N-(Substituted sec-alkyl)-1,3-diamino-2-propanol Dihydrochloride Salts: Physicochemical and Antipseudomonad Screen 
Data IIR(CHz), ]~CHNHCHZCHOHCH~NHZ*~HC~I 


- 


Minimum Inhibitory 


Compound R 


Ia 


Ib 


Ic 


Id 


Ie 


If 


k 


Ih 


Ii 


1.i 


Ik 


I1 


Im 


In 


Methyl 


Methyl 


Cyclohexyl 


Cyclohexyl 


3,3-Dimethyl- 
bicyclo[2.2.1]- 
heptan-2-yl 


Phenyl 


4-Phenylphenyl 


4-Methylphenyl 


4-( 1-Methylethy1)phenyl 


4-(l-Methylethyl)phenyl 


4-( 1,l -Dimethylethyl)phenyl 


4 4  1,l-Dimethylethy1)phenyl 


4-Methoxyphenyl 


4-Chlorophenyl 


Benzalkonium chloride 
Chlorhexidine 


Concentration p g / A  
Analysis Melting Pseudornonas aerupinosa [R(CHz),,]z Empirical 


lr b Formula Calc. Found 
- 


n Point" MB418 MB2245 ' 


3 


6 


1 


2 


2 


1 


2 


2 


2 


3 


2 


3 


2 


2 


203-205" 


273-276 


262-264' 


254-255c 


236-237c 


185-186 


241-243d 


265-267 


260-262 


244-246c 


270-272" 


267-26gC 


240-242 


263-265' 


>200 


6 


80 


10 


10 


> 200 


> 200 


40 


10 


60 


50 


> 200 


200 


20 


>200 
6 


> 200 


6 


40 


8 


10 


>200 


>200 


50 


10 


60 


50 


>200 


200 


20 


> 200 
8 


4.5 


7.6 


6.1 


7.1 


9.0 


4.9 


9.4 


6.9 


8.4 


9.4 


9.3 


10.3 


6.0 


7.4 


C 49.80 49.67 
H 10.45 10.22 
C1 24.50 24.52 
N 9.68 9.50 
C 57.88 58.02 
H 11.33 11.65 
N 7.50 7.18 
C 58.53 58.63 
H 10.37 10.63 
N 7.58 7.18 
C 60.45 60.04 
H 10.65 10.82 
N 7.05 7.06 
C 65.40 65.55 
H 10.55 10.95 
N 5.86 5.68 
C 60.50 60.70 
H 7.33 7.48 
C1 19.84 19.47 
N 7.84 8.17 
C 71.50 71.48 
H 7.13 7.27 
N 5.21 5.03 
C 64.09 63.94 
H 8.25 8.16 
N 6.74 6.39 
C 66.60 66.65 
H 9.02 9.23 
Cl 15.10 14.89 
N 5.97 6.00 
C 67.59 67.58 
H 9.32 9.69 
N 5.63 5.70 
C 67.59 67.34 
H 9.32 9.60 
N 5.63 5.55 
C 68.53 67.99 
H 9.59 9.46 
C1 13.48 13.19 
N 5.33 5.12 
C 59.32 59.43 
H 7.69 7.91 
N 6.29 6.40 
C 52.88 52.86 
H 6.21 6.46 
CI 31.22 31.20 
N 6.17 6.00 


Salts were crystallized or recrystallized from isopropanol except as otherwise noted. Hansch hydrophobic parameter (14). Purified by column chromatography 
of the base on silica gel (1 g:75 gj with methylene chloride-methanol-ammonium hydroxide (3541 j ,  conversion to the dihydrochloride in ether with dry HCI in Zpropanol 
(29% w/wj, and isolation upon precipitation or by solvent removal. Recrystallized from ether-2-propanol. Ethanol. 


Several of the most lipophilic salts were highly effective against the nine 
genera; I j  at 5 6  pg/ml and Ik exhibited similar patterns, but they were 
only moderately active for the two Pseudornonas strains, suggesting a 
more critical partitioning requirement. 


Many examples of antibacterial activity-lipophilicity parabolic find- 
ings have been reported previously for homologs of inhibitors (17). Several 
explanations have been proposed. Highly hydrophilic compounds in a 
series cannot penetrate a cell envelope lipid barrier, whereas the more 
hydrophobic members remain entrapped in the lipid phase and fail to 
reach target sites. These postulates may account for each low activity side 
of the parabolic curve, with molecule size and colloidal associations as 
other possible contributors. More recent studies using quaternary am- 
monium salts of increasing alkyl chain length, in a simple salts test me- 
dium with and without varying sensitivity mutants of Ps. aeruginosa, 
indicate a positive linear correlation between lipophilicity and antimi- 
crobial activity (18). However, the probable test medium imposed arti- 
factual results of the present work may better anticipate activities under 
conditions of potential use. Preliminary in uitro and in uiuo antibacterial 
studies on skin (excised and intact cow udder) with Table I derivatives 
appear to confirm the findings3. 


To be published elsewhere. 


EXPERIMENTAL 


Melting points were taken in open capillary tubes4 and are uncorrected. 
IR spectra for solids were run as mulls in mineral oil5. NMR spectra6 (60 
MHz) were obtained in dirnethyl sulfoxide-ds with tetramethylsilane as 
an internal standard. Spectral data for all reported compounds appeared 
consistent with assigned structures. TLC was performed on precoated 
gel GF  glass plates (250 ~ m ) ~ ,  using dioxane-methanol-ammonium hy- 
droxide (154:l) as the developing solvent for the diamine hydrochloride 
salts and ether-petroleum ether (1:l) or hexane-ethyl acetate (1:l) 
mixtures for ketones (iodine staining). The amine salts were colorless 
solids, easily hydrated, and were dried for 4 hr at 6 M 0  (0.05 mm) before 
analysis. All hydrogenations were run a t  20-25" and 2.s3.5 kg/cmZuntil 
theoretical hydrogen uptake, requiring from 1 to 4 hr. After catalyst re- 
moval by filtration, the solvent was distilled in uacuo. 
Ketones-l,5-Bis(aryl)-1,4-pentadien-3-ones were prepared by lit- 


erature methods. 
Bis (4-chlorophenyl) Deriuatiue-A mixture of 4-chlorohenzaldehyde 


Thomas-Hoover melting point apparatus. 
Perkin-Elmer 137 spectrometer. 
Varian A-60 spectrometer. 
Analtech. 
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Table 11-In Vitro Antibacterial Assay 


Minimal Inhibitory Concentration, Fg/ml 
S. S. B. K .  B. C. P. E. S. 


Compound aureusa pyogenesb bronchiseptica" aerogenesd sub t ihe  pseudodiphtheriumf multocidag Calih schottmuelleri' 


Ia 
Ih ~~ 


Ic 
Id 
Ie 
If 
Ih 
Ii 
I j  
Ik 
I1 
Im 
In 


-1 60 60 
6 2 2 


40 
4 
6 


6 
30 
40 


6 
8 
6 


60 
2 


- 


1 
2 
1 


200 
4 
4 
4 
2 
2 
4 


40 
1 


Benzalkonium 
chloride 1 1 


6 
2 
6 


50 
8 
4 
6 
2 
4 


40 
40 
1 


8 


- - 


6 6 
80 40 
6 4 
2 6 


200 - 


200 6 
30 30 
2 4 
6 6 


20 4 
200 6 
200 40 
20 6 


6 6 


- - 200 200 
2 2 6 6 
6 
2 
1 


50 
60 
30 
2 
4 
2 
6 


60 
1 


20 
2 
4 


60 
50 
6 
6 
4 
2 
6 


40 
1 


20 50 
8 8 
6 6 


60 200 
40 40 
40 40 
6 6 
8 8 


40 8 
80 200 
2 20 


- - 


- 1 1 200 
Chlorhexidine 1 1 1 2 1 1 1 2 6 


Merck Rarteria (MB); genus and strain, Staphylococcus MB 2865. * Streptococcus MB 3738. Bordetella MB 3551. Klebsiella MB 1503. Bacillus MB 964. Cor- 
Escherichia MB 2884. Salmonella MB 2837. J Greater than 200 pg/ml. k Hyamine 3500, Rohm & Haas, which contains ynebacterium MB 261. g Pasturella MB 7. 


alkyl(507~ C-14,40% C-12,10% C-16) dimethylbenzylammonium chloride as an 80% solution in ethanol. 


(15.2 g, 0.11 mole) and acetone (3.1 g, 0.05 mole) in 60 ml of ethanol was 
added dropwise (15 min) to a solution of sodium hydroxide (12 g, 0.3 
mole) in 120 ml of water diluted with 100 ml of ethanol. The temperature 
during addition was maintained at  10-13" and then at  20-25" for 4 hr. 
The precipitated solids were filtered, washed with water, and air dried. 
Recrystallization of 0.2 g of the yellow product (13.5 g, 83%) from benzene 
gave pure bis(4-ch1orobenzal)acetone (0.14 9); mp 191-193" [lit. (19) mp 
193-194'1. 
1,5-Bis(I-chlorophenyl)-3-pentanone-A mixture of the di-unsatu- 


rated ketone (6 g, 0.02 mole) and 2.5 g of Raney nickel in 100 ml of ethanol 
was shaken at  20" under 3.5 kg/cm2 hydrogen for 2 hr until near theo- 
retical uptake was observed. The catalyst was filtered and the solvent 
was removed by distillation. The residual oil was dissolved in 400 ml of 
methylene chloride and chromatographed on a column containing 450 
g of silica gel. The product was obtained in fractions four and five (400 
ml each) as a solid (4 g, 75%) after solvent removal. One gram was re- 
crystallized from 5 ml of 2-propanol to yield colorless plates (0.7 g); mp 
65-67", IR 1690 (C=O) cm-2. 


Anal.-Calc. for C17H16C120: C, 66.46; H, 5.25; C1, 23.08. Found: C, 
66.58; H, 5.20; C1, 23.02. 


N-(w,w'-Disubstituted sec-alkyl)-1,3-diamino-2-propanol Di- 
hydrochlorides (Ia-In)-Schiff bases were obtained by condensation 
of w,w'-disubstituted alkanones with 1,3-diamino-2-propanol in refluxing 
toluene and azeotropic water removal (5), or by reaction in ethanol 
without water separation. The carbon-nitrogen double bond was reduced 
catalytically with hydrogen or with sodium borohydride. Both procedures 
are exemplified with the preparations, Ii and Im. Table I lists the physical 
and analytical data. 


1-Amino -3- ((3-[4-(1-methylethyl)phenyl] -1- 12-[4-( l-methyleth- 
yl)phenyl]ethyl)-propyl}amino~-2-propanol Dihydrochloride 
(Ii)-A solution of 1,5-bis[4-(1-methylethyl)-phenyl]-3-pentanone (6.4 
g, 0.02 mole) in 20 ml of ethanol was added dropwise (45 min) to a stirred 
solution of 1,3-diamino-2-propanol(lO.8 g, 0.12 mole) in 80 ml of ethanol 
maintained at  90". The resulting solution was heated at  90" for 12 hr, 
diluted with 50 ml of ethanol and cooled to 5'. Sodium borohydride (1.2 
g, 0.03 mole) was added portionwise (10 min), and the reaction mixture, 
after 2 hr at  5", was stirred for 2 hr at  20". The solvent was removed in 
U ~ C U O  and the residual oil partitioned between 75 ml of ether and 75 ml 
of water. The ether solution was washed with 75 ml of brine, dried over 
sodium sulfate and concentrated in  uacuo. The residual base was dis- 
solved in 15 ml of 2-propano1, the solution cooled to 5' and mixed with 
25 ml of 2-propanol saturated with hydrogen chloride. The solids, after 
mixing a t  5" for 6 hr, were filtered and recrystallized from 35 ml of 95% 
2-propanol to yield 6.9 g of Ic; NMR (dimethyl sulfoxide-d6): 6 3.47 ppm 
[quintet, 1H of sec-alkyl(-CHz)&H-NH-]. 


1-Amino -3- [3-(4-methoxyphenyl) -1- [2-(4-methoxyphenyl)eth- 
yl]propylamino]-2-propanol Dihydrochloride (1m)-Powdered 
1,5-bis(4-methoxyphenyl)-3-pentanone (6.0 g, 0.02 molej was added 
slowly (30 min) to a stirred solution of 1,3-diamino-2-propanol(9.0 g, 0.1 


mole) in 100 ml of ethanol maintained at  90°. After 12 hr the solution was 
cooled to 20°, diluted with 50 ml of ethanol, and mixed with 0.75 g of 
platinum oxide. Hydrogenation was run at  20-25" and 3.5 kg/cm2 hy- 
drogen. Within 2.5 hr, theoretical uptake was observed, and the reaction 
mixture was shaken an additional 0.5 hr. The catalyst was removed by 
filtration and the solvent distilled in  uacuo. The residual oil was dissolved 
in 100 ml of ether. The product precipitated when mixed with 5 ml of 
2-propanol which was previously saturated with hydrogen chloride. After 
3 hr of mixing, the salt was filtered to yield 7.9 g (89%) of In which was 
recrystallized from 2-propanol; NMR (dimethyl sulfoxide-ds): 6 3.24 ppm 
[quintet, 1 H of sec-alkyl(-CH2)2CH-NH-]. 
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140 ng/ml) were performed over a 31-day period (Table V). Plasma 
samples were stored in the freezer a t  -20' until the time of analysis. The 
results demonstrate that bumetanide can he stored frozen in plasma for 
a t  least 1 month without degradation. 


Figure 3 shows a urinary excretion rate uersus midpoint time plot of 
unchanged bumetanide after oral administration of 1.0 mg of bumetanide 
to a healthy volunteer. The biological half-life, as determined by linear 
regression using the last four data points from the log-linear terminal 
portion of the curve, was 84.5 min. The fraction of the oral dose excreted 
unchanged in the urine was 0.445. Both of these parameters are in 
agreement with values from other studies (5,6-8,lO). 
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Abstract A simple potentiometric method for the determination of 
drugs having a carboxyamide group is described. Ethenzamide, niaci- 
namide, pyrazinamide, or salicylamide was refluxed with 20% HCI and 
the carboxyamide was hydrolyzed. The ammonia evolved a t  a pH >11 
and was determined without separation from the decomposition solution 
using an ammonia gas-sensing electrode. A linear calibration plot was 
obtained with drugs in the range of 2 X 10-5-1 X M. This method 
was applied to the analysis of injection and powder-containing auxiliary 
compounds. 


Keyphrases Ammonia gas-sensing electrode-analysis of drugs with 
a carboxyamide group by decomposition with acid Potentiometry- 
determination of ammonia using an ammonia gas-sensing electrode 
Carboxyamide groups-determination of carboxyamide moiety using 
ammonia gas-sensing electrode analysis 


Methods for the determination of drugs having a car- 
boxyamide group are based on the determination of am- 
monia liberated by refluxing the carboxyamide compounds 
in alkaline solution. The ammonia is distilled and deter- 
mined by titration. The methods described in the United 
States (l), British (2),  and Japanese (3) Pharmacopoeias 
are based on these principles. Spectrophotometric methods 
of analysis for the determination of carboxyamide having 
a pyridine ring are based on the Konig reaction (4) of 
pyridine derivatives with cyanogen bromide. These 
methods are sensitive and relatively free from interference; 
however, they have the disadvantage of using the ex- 
tremely toxic cyanogen bromide. Polarographic and mi- 
crobiological methods (5) have also been employed, but 
they are tedious and time consuming. The gas-permeable 
membrane electrode is advantageous because of its sim- 
plicity, accuracy of assay, and lower cost compared with 


the conventional methods. However, its applications to 
drug analysis have not been widely reported in the litera- 
ture, although the analysis of N-unsubstituted carbamates 
and meprobamate has been studied (6). 


This paper describes a potentiometric method for the 
determination of drugs having a carboxyamide group. 
Assay methods for ethenzamide (0-ethoxybenzamide), 
salicylamide, niacin (nicotinamide), and pyrazinamide 
were developed. The samples were refluxed with 20% HCl 
and the carboxyamide was hydrolyzed, liberating an 
equivalent amount of ammonium ion. After alkalinization, 
the ammonia was determined with an ammonia gas- 
sensing electrode. 


EXPERIMENTAL 


Apparatus-The ammonia gas-sensing electrodel consisted of an 
ammonia gas-permeable membrane, a pH glass-electrode, and a silver- 
silver chloride reference electrode. The potential measurement system 
consisted of a pH/mV meter2 and recorder2. 


All measurements were carried out a t  20" in an 80-ml cell equipped 
with a magnetic stirrer. 


Reagents-Ethenzamide4, ~alicylamide~, and pyrazinamide4 were 
purified twice by recrystallization from water and then dried in uucuo 
a t  room temperature for 5 hr. Niacinamide5 was dried in uucuo a t  room 
temperature for 4 hr. Other chemicals used were reagent grade. 


A stock solution of 0.1 M NH&l was prepared for testing the ammonia 
response of the electrode, and 5 M NaOH was employed to adjust the pH 
of the solution to within the operating range of the electrode. 


Model 5002-05 T, Horiba, Co., Kyotn, Japan. 
Model F-7ss, Hitachi-Horiha Instruments, Horiba Co., Kyoto, Japan. 
Model EPR-22A, Toa-Denoa Co.. Tokvo. Jaoan. . .  
Tokyo Kasei Co., Tokyo, .Japan. 
Japanese Pharmacopoeia Reference Standard 


0022-35491 821 0500-0523$0 1.0010 
@ 1982, American Pharmaceutica! Association 


Journal of Pharmaceutical Sciences I 523 
Vol. 71, No. 5. May 1982 







Table I-Determination of Drugs Having a Carboxyamide 
Group 


. , I  I I I I  I I . ' I  


30 60 90 120 
MINUTES 


Figure 1-Effect of 20% HC1 concentration on drug decomposition. 
Key: -, pyrazinamide, niacinamide; - - -, ethenzarnide; and - - -, 
Salicylarnide. 


The internal filling solution supplied with the ammonia electrode was 
used. 


An electrode storage solution of 0.01 M NH4Cl for storage overnight 
or a weekend was prepared and the electrode tip was immersed in this 
solution. In 10-5-10-4 M ammonia measurements, the use of the elec- 
trode immersed in 0.01 M NH4CI led to erroneous results because the 
gas-permeable membrane absorbed ammonium chloride and did not 
regenerate when washed with water. The electrode tip was therefore 
immersed in a buffer solution6, pH 4, between measurements. 


moles) of pyrazinamide and 50 ml of 20% HC1 was placed in a 100- ml 
round-bottom flask and boiled gently in an oil bath for 20 min. The flask 
was then cooled, the solution poured into a 250-ml beaker, and diluted 
with -150 ml of water. A drop of methyl orange was added and, while 
cooling the beaker continuously, the acid was carefully neutralized with 
10 N NaOH solution until the indicator began to change color. Using a 
pH meter, the solution was adjusted to pH 6.5 with diluted sodium hy- 
droxide solution, and the solution was poured into a 250-ml volumetric 
flask and diluted to full volume with water. The concentration of the final 
pyrazinamide solution was 1 X lo-* M ,  corresponding to 1 X lo-* M 
ammonia. Standard solutions for calibration were obtained by diluting 
this stock solution with water. 


Other standard solutions of ethenzamide, salicylamide, and niaci- 
namide were prepared in a similar manner as described previously ac- 
cording to the corresponding drug decomposition time shown in Fig. 
1. 


Standard Drug Solutions-A mixture of 307.78 mg (2.50 X 


MINUTES 


Figure 2-Effect of various HCl concentrations on niacinamide de- 
composition. 


6 Orion Research, Inc., Cambridge, U .K 


Taken, Found, Recovery, 
Drug Number mg mg % 


Ethenzamide 1 
2 
3 
4 
5 
6 


Salicylamide 


Niacinamide 1 
2 
3 
4 
5 
6 


Pyrazinamide 1 
2 


4.13 
4.13 
4.13 


41.30 
41.30 
41.30 


3.43 
3.43 
3.43 


34.28 
34.28 
34.28 


3.05 
3.05 
3.05 


30.53 
30.53 
30.53 


1.23 
1.23 


4.12 
4.16 
4.15 


41.21 
41.30 
41.34 


f SD 
3.46 
3.44 
3.42 


34.08 
34.40 
34.60 


Mean 


Mean 
f SD 


3.02 
3.07 
3.06 


30.72 
30.33 
30.41 


f SD 
1.24 
1.22 


Mean 


99.8 
100.7 
100.5 
99.8 


1oo.n 
100.1 
100.15 


0.37 
100.9 
100.3 
99.7 
99.4 


100.4 
100.9 
100.27 


0.62 
99.0 


100.7 
100.3 
100.6 
99.3 
99.60 
99.92 
0.71 


100.8 
99.2 .. ~ 


3 12.31 12.40 100.7 
4 12.31 12.34 100.2 
5 12.31 12.28 99.8 
6 12.31 12.39 100.6 


Mean 100.22 
f SD 0.62 


Assay Procedure-A mixture of 123 mg (-1 X mole) of pyraz- 
inamide and 20 ml of 20% HCI was boiled for 20 min. The resultant so- 
lution was adjusted to pH 6.5, diluted to 100 ml in a volumetric flask, and 
then 20 ml of this solution was diluted to 100 ml with water. A 50-ml 
portion of the sample was transferred to an -80-ml cell (3.5 X g-cm), 1 
ml of 5 M NaOH was added, and the mixture was incubated for 30 min 
a t  20'. Finally, the ammonia electrode was immersed in the solution, and 
the potential measurements were carried out. The ammonia concentra- 
tion in the sample solution was determined from the calibration curve. 


Assay procedures of ethenzamide, salicylamide, and niacinamide were 
carried out in a similar manner. The ammonia concentration was deter- 
mined from the calibration curve prepared from the corresponding 
standard drug solutions. 


Because of the temperature dependence of the ammonia electrode, the 
sample solution was maintained a t  20 f 0.1' and stirred during the 
measurement. Since the potential may vary as a result of changes in the 
internal filling solution, the solution was replaced with fresh solution 
before subsequent use. 


Assay of Niacinamide Injection-A mixture of 3 ml (equivalent to 
150 mg of niacinamide) of the injection and 25 ml of 20% HCl was boiled 
for 30 min. The resultant solution was poured into a 250-ml volumetric 
flask and diluted to full volume with water. The ammonia concentration 
in the 50-ml portion of the sample was determined using an ammonia 
gas-sensing electrode. 


Assay of 10% Niacinamide Powder-A portion of the powder 
(equivalent to -153 mg of niacinamide) was accurately weighed out, and 
25 ml of acetone was added. The solution was swirled for 5 min to extract 
the niacinamide and allowed to stand for -3 min. The supernatant ace- 
tone solution was removed and 25 ml of acetone was added to the residue. 
The extraction procedure was carried out four times and the solution was 
finally filtered through a dry filter into a dry flask. The collected acetone 
fractions were evaporated to dryness. The residue was then refluxed for 
30 min with 25 ml of 20% HCI. The same procedure as described previ- 
ously was followed. 


RESULTS AND DISCUSSION 


The dissolved ammonia in the sample solution diffused through the 
hydrophobic gas-permeable membrane and dissolved in the internal 
filling solution. The resulting pH change was then measured. 


A mixture of ethenzamide, salicylamide, niacinamide, or pyrazinamide, 
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Table 11-Determination of Niacinamide Iniection a Table 111-Determination of 10% Niacinamide Powder 


Taken, Found, Recovery, 
Number mg mg % 


Taken, Found, Recovery, 
Number mg mg % 


4 
5 
6 


30.00 
30.00 
30.00 


32.36 107.8 
32.20 107.3 
32.34 107.8 


30.00 32.14 107.1 
30.00 
30.00 


32.35 107.8 
32.23 107.4 


Mean 107.53 
f S D  0.31 


50 mg in 1 ml. 


and 20% HC1 was boiled gently and the resultant ammonia in the de- 
composition solution was determined at  various boiling times. In the case 
of ethenzamide and salicylamide, the electrode potentials reached a 
maximum at boiling times of 90 and 120 min, respectively. However, the 
electrode potentials of pyrazinamide and niacinamide reached a maxi- 
mum a t  the same boiling times of 10 min. In the case of decomposition 
with 10 and 5% HCI, the electrode potentials of niacinamide reached a 
maximum a t  boiling times of 60 and 90 min, respectively (Figs. 1 and 
2). 


In the potential measurements, the level of ions in the decomposition 
solution (osmotic strength) is not equal to that of the internal filling so- 
lution. Water vapor as well as ammonia can move across the gas-perme- 
able membrane, modifying the concentration of the internal filling so- 
lution. Since such changes lead to errors in potential measurements, 
standards and samples should have approximately the same level of ions 
in solution (7). Therefore, the standard solution of drug used the corre- 
sponding pure drug instead of ammonium chloride. 


When the potential uersus the logarithm of drug concentration was 
plotted, a linear calibration plot was obtained in the drug concentration 
range of 2 X 10-5-1 X 


The amount of drug was determined in the pure drug powder. Ac- 
cording to the Pharmaceopoeia, ethenzamide (8), salicylamide (9), and 
niacinamide (10,111 determined on a dry weight basis should be over 98, 
98, and 98.5% pure, respectively. Pyrazinamide (1) contains not less than 
99% and not more than 101.0%. The recoveries of the drugs are given in 
Table I. The amounts of ethenzamide, salicylamide, niacinamide, and 
pyrazinamide can be determined with average errors of 0.15,0.27,0.08, 
and 0.22%, respectively. 


The determination of commercially available niacinamide injection 
was carried out on six 3-ml samples (equivalent to -150 mg niacinamide) 
of niacinamide injection, which is a sterile solution of niacinamide in 
water. A mixture of 3 ml of niacinamide injection and 25 ml of 20% HCI 
was boiled for 20 rnin and the potential measurements were carried out 
as described previously. According to the United States (10) and Japanese 
(11) Pharmacopoeias, niacinamide injection contains not less than 95% 
and not more than 110% of the labeled amount Of  C6H6N20. The recov- 
eries of niacinamide injection are given in Table 11. The mean recovery 
was 107.5 f 0.31%. The accuracy of the proposed method was checked 
by the Kiinig method. The recoveries of niacinamide injection from four 
samples were 107.3, 106.4, 106.4, and 108.7%, respectively; the mean value 
was 107.2 f 1.0970. 


In determining other commercially available 10% niacinamide powders, 
a suitable extraction was sought. (Extraction of niacinamide is necessary 
to avoid interference from auxiliary compounds.) Niacinamide is very 
soluble in water (1 g in 1 ml) as are the auxiliary compounds; however, 
methanol does not dissolve the auxiliary compounds and separation of 
the extract from the powder is difficult. Niacinamide powder (10%) was 
extracted with acetone, since acetone does not inhibit the assay of pure 
niacinamide powder. After dissolution in acetone, the supernate was 
removed. The extraction was carried out four times and the extract fil- 
tered from the powder. The auxiliary compound was very hygroscopic, 
and it is thought that the niacinamide in the auxiliary compound was not 
homogeneous. Therefore, the recovery of the assay varied from 98 to 
>100%. The 10% niacinamide powder was mixed thoroughly in a mortar 
with a pestle and was dried in uucuo at room temperature for 24 hr (Table 
111). The mean recovery was 116.0 f 0.24%. According to the Japanese 


M .  


1 30.94 35.79 115.7 
2 30.62 35.63 116.4 
3 30.61 35.55 116.1 
4 30.94 35.87 116.0 
5 30.68 35.63 116.1 
6 30.72 35.53 115.8 


Mean 116.0 
f SD 0.24 


Pharmacopoeia, niacinamide tablets contain not less than 95.0 and not 
more than 115.070 of the labeled amount of CsH&zO, but the description 
as a percentage of niacinamide powder is not noted. The accuracy of the 
proposed method was checked using the Konig method. The assay was 
performed on three samples of the 10% powder. The recoveries were 115.7, 
118.5, and 115.3%, respectively, with a mean value of 116.5%. 


CONCLUSIONS 


In the Pharmacopoeia1 assay methods for ethenzamide, pyrazinamide, 
and salicylamide, the ammonia gas liberated by decomposition with so- 
dium hydroxide is determined by acid titration (1, 8, 9). Using this 
method, the separation of the ammonia gas is difficult and tedious. The 
following procedures have been described previously for the analysis of 
niacinamide: ( a )  the sodium hydroxide decomposition method, ( b )  the 
nonaqueous titration method (12), (c) the colorimetric method for pure 
powder (10, l l ) ,  and the Konig method for injections. The sodium hy- 
droxide decompositon method is identical to the method discussed. In 
the nonaqueous titration method, the normality factor is unstable. The 
colorimetric method is nonspecific, and the Konig method is adopted for 
the determination of injections in Japanese Pharmacopoeia IX (11) and 
USP XIX (13). The latter method is influenced by the experimental 
conditions (14, 15) and bas the disadvantage of using extremely toxic 
cyanogen bromide. The present method using an ammonia gas-sensing 
electrode, beside being simple, has high specificity and precision. 
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Abstract The development of a specific high-pressure liquid chro- 
matographic (HPLC) assay, having a quantitative detection limit of 0.4 
pg/ml, is described for plasma indocyanine green. In a preliminary study, 
the HPLC method demonstrated that the traditional spectrophotometric 
procedure inaccurately quantitates the dye’s degradation in aqueous 
medium since degradation products that  absorb light a t  770 nm are 
formed. In a further study, the spectrophotometric method yielded an 
erroneously low clearance of indocyanine green in the rabbit. In addition, 
the HPLC assay points to the possibility of metabolite formation of the 
dye in viuo. 


Keyphrases Indocyanine green-high-pressure liquid chromato- 
graphic analysis 0 High-pressure liquid chromatography-analysis of 
indocyanine green Dyes-indocyanine green, high-pressure liquid 
chromatographic analysis 


Indocyanine green, an organic anion, has been used to 
determine cardiac output (1, a), hepatic blood flow (3-51, 
and hepatic function (3-9). Analytical methods have been 
based on the dye’s absorbance a t  775--800 nm. These pro- 
cedures employ either direct, continuous measurements 
of dye in circulating whole blood with a densitometer (1, 
2, lO) or standard spectrophotometric analysis of harvested 
plasma following discrete blood sampling (3-9). 


BACKGROUND 


In uitro studies (10-12) determined that aqueous solutions of indo- 
cyanine green degrade quickly in a concentration-dependent fashion. 
However, in the presence of plasma or albumin, dye stability is much 
improved. 


In  uiuo experiments demonstrated a saturable process for indocyanine 
green uptake hy the liver (13,14) and a biexponential decline in plasma 
levels for rats, rabbits, dogs, and humans ( 5 ,  6 ,  9, 15). Elimination of 
unchanged dye by the liver into bile has been thought to be the sole 


method for indocyanine green clearance. Evidence for this reported ab- 
sence of metabolites was obtained from paper chromatographic analysis 
of plasma and bile samples (3 ,5 ,  16,17). 


The reliability of this information depends on the perceived specificity 
of the spectrophotometric analysis method. Another procedure was 
needed to examine the existing methods critically. This report describes 
a high-pressure liquid chromatographic (HPLC) method for analysis of 
indocyanine green. Preliminary data are presented, highlighting dis- 
crepancies between the HPLC and spectrophotometric methods for the 
determination of in uitro dye stability and in viuo pharmacokinetics. 


EXPERIMENTAL 


HPLC Instrumentation-A high-pressure pump’, a high-pressure 
injectorz, UV detector3 (225 nm), and a recorder4 comprised the chro- 
matographic apparatus. Chromatography was performed on a re- 
versed-phase column5, using a reversed-phase precolumn6 to extend 
column life. The mobile phase, a t  a flow of 2 ml/min, was composed of 
47 parts of a~etoni t r i le~,  3 parts of methanol7, and 50 parts 0.05 M 
KH2P04-NazHP04 buffer8 (pH 6). A spectrophotometric scang of in- 
docyanine greenlo in reagent grade water” showed a peak a t  770 nm (€  
= 1.43 X lo5) and another a t  210 nm ( t  = 5.17 X lo4). T o  minimize in- 
terference from plasma constituents and to maximize detector perfor- 
mance, a nonoptimal wavelength (225 nm) was used for detection pur- 
poses ( 6  -60% of that a t  210 nm). 


Preparation of Standards-For the preparation of calibration curves, 
methanolic solutions of indocyanine green (20,15, 10,7,4,2,1,0.5,0.2, 


Altex model 100. 
Valco Universal inlet HPLC valve. 
LDC Spectro Monitor I. 
Tracor Westronics MT. 
Hibar 11, CIS, 10 gm,  250 X 4.6-mm i.d. 
Perisorb, C18, 30-40 pm, 40 X 3.2-mm i d .  
Glass distilled, Burdick & Jackson. 
Certified ACS, Fisher Scientific. 
Cary model 118, Varian. 
Cardio-Green, Hynson, Westcott and Dunning. 


l 1  Double distilled. 
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Figure 1-HPLC chromatograms obtained for indocyanine green (11) 


and diazepam (b) using an RP-18 column (250 X 4.6-mm i.d.) and a 
mobile phase of 47% acetonitrile-3% methanol-0.05 M phosphate 
buffer (pH 6) at 2.0 mllmin. Detection was at 225 nm. Key: A,  diazepam 
(0.15 pgl0.25 ml) in blank rabbit plasma; B,  indocyanine green (0 1 
pg10.25 ml) and diazepam (0.15 pg10.25 ml) in blank rabbit p1asma;and 
C, indocyaninegreen (10 pgI0.25 ml) and diazepam (1.5 pgJO.25 ml) in 
blank rabbit plasma. 


and 0.1 pg in 0.1 ml) were evaporated to dryness a t  40" under a gentle dry 
nitrogen stream. After this step, standards could he stored in a desiccator 
under vacuum for 1 week with no detectable degradation. At the time of 
sample analysis, blank rahbbit plasma (0.25 ml) was added to each tube 
and allowed to stand for 30 min with intermittent vortexing. After this 
point, standards were processed in the same manner as in uiuo sam- 
ples. 


HPLC Sample Preparation-A fixed plasma volume (0.25 ml) was 
used for all samples. Concentrated samples (>80 pg/ml) were diluted with 
blank rabbit plasma. Acetonitrile in a 1.6:1 (v/v) ratio with plasma was 
added in four aliquots (0.1 ml each for 0.25 ml of plasma), with vortexing 
after each addition. Methanolic diazepam'z (5, 1.5, or 0.15 pg in 50 p l )  
was then added as the internal standard, and the mixture was vortexed 
for 20 sec. The sample was centrifuged(1700Xg) for 2 min, and a volume 
of the supernate was injected onto the column. Due to recognized deg- 
radation of indocyanine green, the maximum allowable time between 
sample precipitation and column injection was 30 min. 


Spectrophotometric Analysis-The plasma sample (0.25 ml) wa.3 
diluted with 3.3 ml of reagent grade water. The absorbance of the solution 
was measured (800 nm) using similarly prepared blank rabbit plasma aB 
the. reference. 


Stability of Aqueous Solutions-An indocyanine green solution (20 
pglml in reagent grade water) was exposed to a constant amount of room 
light (420 lux) a t  23'. The solution was sampled periodically to determine 
the amount of parent dye remaining. 


For HPLC analysis, 100 pl of this solution and 100 p1 of acetonitrile 
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Figure 2-Effect of acetonitrile concentration in the mobile phase on 
the retention times of indocyanine green (0) and diazepam (0) and 
on the indocyanine greenldiazepam peak height ratio (A). The aqueous 
part of the mobile phase was composed of a 0.025 M phosphate buffer 
(pH 4). The mobile phase was run at 1.6 mllmin on an RP-18 column 
(250 X 3.2-mm i d . ) .  


were added to a tube containing diazepam (0.26 pg). The mixture was 
vortexed and injected onto the column. Indocyanine green standards were 
prepared as already described. At the time of analysis, methanolic di- 
azepam (0.26 pg in 0.05 ml) was added to the standards and evaporated. 
After reconstitution with 0.2 ml of 50% acetonitrile-reagent grade water, 
the standard was subjected to HPLC analysis. 


Spectrophotometric analysis13 (770 nm) was performed on the solution 
without a dilution step. The absorbance measurement of a freshly pre- 
pared dye solution served as the standard for comparison. 


Stability of Plasma Solutions-Standard plasma samples containing 
80,40,8,4, or 0.8 pg of indocyanine green in 2.0 ml of fresh blank plasma 
were prepared as already described. The samples were kept a t  6' in 
polyethylene tubes and 0.25 ml of each was sampled seven times over 10 
weeks. A calibration curve, obtained from freshly prepared standards 
analyzed a t  the same time as the samples, was used for quantitation of 
dye degradation. 


Indocyanine Green In Vivo Study-Indocyanine green was recon- 
stituted with 5% dextrose-water to give a concentration of 8.8 mg/ml. A 
25.6-mgkg dose was administered intraven~usly'~ to a rabbit over 4 min. 
Thirteen blood samples (1.5 ml) were collected over 6 hr. Harvested 
plasma was kept at 6" until analysis later that  day. 


Calculations-The unknown indocyanine green concentrations in 
samples analyzed spectrophotometrically or by HPLC were obtained with 
reference to calibration curves constructed from identically prepared 
standards. Dye clearance values were calculated using the total area under 
the indocyanine green concentration uersus time curve. 


RESULTS AND DISCUSSION 


Chromatography-Figure 1 illustrates typical chromatograms for 
blank rabbit plasma and indocyanine green plasma standards. The total 


12 P-1215, Novopharm. 
l3 Carl Zeiss spectrophotometer PMQ 11. 
l4 Model 351 infusion pump, Sage Instruments. 
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Figure  3-Degradation profile of aqueous indocyanine green (initial 
concentration was 20 pglml) as examined by HPLC (@) and  spectro- 
metric (0) methods. 


retention time was -7 min, and the quantitative limit of detection for 
the dye in plasma was 0.4 pg/ml. 


The composition of the mobile phase was examined with the following 
results. The acetonitrile concentration is critical for successful resolution 
of indocyanine green and diazepam and for optimization of peak shape 
(Fig. 2). The use of methanol in the ternary solvent system sharpens and 
reduces the retention time of the internal standard peak without ap- 
preciably affecting indocyanine green retention. With respect to  the 
buffer, the salt strength is more important than pH for successful re- 
tention of indocyanine green. 


The quantitation of indocyanine green in samples varies with the 
plasma volume (Table I), even when the ratio of precipitant to plasma 
is constant (1.6:l v/v). This result. may be accounted for by an  interfering 
component in blank rabbit plasma, which exhibits the same retention 
time as diazepam. Although the diazepam equivalent of this peak only 
approaches 5% with 0.25-ml samples, the interference is more pronounced 
with larger sample volumes when the amount of diazepam added remains 
constant. Therefore, samples with dye concentrations greater than the 
upper limit of the standard curve (80 pg/ml) were diluted to varying 
degrees to allow analysis of a constant volume (0.25 ml). 


Calibration curves were linear over the concentration range used. The 
intra-assay coefficient of variation ranged from 2% for 40-pg/ml samples 
to 8% for 0.4-pg/ml samples (n = 6). The interassay variability was 5-11% 
for all standards except the 0.4-pg/ml standard, which was 20% ( n  = 8). 
The slope variance of standard curves was calculated as 10% (n = 10). 


Spcctrophotomctric Analysis-The lower limit of quantitative de- 
tection of‘ indocyaninr green in plasma was 2 pg/ml when using 0.25 ml 
of‘ plasma and the descrihed dilution. The  interassay coefficient of vari- 
ation f o r  all standards was 11-14% (n = 3 ) .  


It was reported (18) that  different plasma samples yield calibration 
curves (hat vary widely, but no explanation for this result has been found. 
A similar ohservation was made in this investigation when blank plasma 
from difi’erent rahhits was used. The slopes of calibration curves varied 
hy :32SI. This variability is independent of any differences in the inherent 
ahsor1)ance of hlank samples at  800 nm. The  problem was also not alle- 
viated hy protein precipitation using acetonitrile prior to spectropho- 
tometric measurement. Thus, although the source of the variability has 
not been resolved, it demonstrates a disturbing characteristic of the 
sl)ectrophotometric method. 


Stability Studies of Aqueous Solutions-Once an accurate, repro- 
ducible HPIX method for indocyanine green was developed, preliminary 


Table I-Quantitation Efficiency (Mean f SD) Observed for 
lndocyanine Green  (2 pg) when Added t o  Plasma Containing 
0.735 pg of Diazepam (n = 6) 


Plasma Volume, ml Quantitation Efficiency, 7% 


0.125 91.8 (1.4) 
0.25 86.9 (1.8) 
0.5 78.5 (2.0) 
1 .o 72.1 (4.6) 


studies were conducted to examine the stability of the dye in aqueous 
solution. Figure 3 illustrates the inadequacy of the spectrophotometric 
method in the detection of dye degradation in aqueous media. The dis- 
crepancy between the two methods results from degradation products 
of indocyanine green, which absorb a significant amount of light a t  770 
nm. 


By modifying the mobile phase flow rate, these degradation products 
can be resolved (Fig. 4). Spectral analysis of the eluate fractions corre- 
sonding to these peaks showed that peaks a and b exhibited absorbance 
at  770 nm. I t  is unlikely that these peaks represent dye aggregates as 
described earlier (12,19), since eluates were below the aggregate-forming 
concentration (<5 pg/ml) and the ionic strength of the solvent (mobile 
phase) was constant in all cases. Thus, it  was felt that  these peaks (Fig. 
4) represent products of an irreversible degradation of parent dye. Barbier 
and DeWeerdt (16) showed two chromatographically distinct species that 
appear on storage of aqueous dye solution. The  “fast” and “slow” frac- 
tions exhibited spectral peaks in the visible region a t  780 and 783 nm, 
respectively. 


The evidence from these experiments provides another reason why 
reports using the spectrophotometric method should be questioned. 


Dye Stability in Plasma-Standard plasma samples analyzed by the 
HPLC method exhibited no detectable degradation after 10 weeks of 
storage at  Go,  a finding in agreement with results obtained spectropho- 
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Figure I-HPLC chromatograms obtained from aqueous indocyanine 
green solutions that were freshly prepared (A), 1 day old (B), and 7 days 
old (C). An RP-I8 column (250 X 4.6-mm id.) and a mobile phase of 37?;, 
acetonitrile-3% methanol-0.05 M phosphate buffer (pH 6) a t  1.0 
mllmin were employed. Peaks a, b, and  c are degradation productn of 
indocyaninc g r c m ;  and peak d is indocyanine gref’rl. 
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Figure 5-Plasma indocyanine green obserued in a rabbit following a 
25.6-mglkg dose as examined with HPLC (0)  and spectrophotometric 
(0) methods. 


Indocyanine Green In Vivo Study-Having established that the 
HPLC method was more specific for the parent dye in examining aqueous 
stability, a preliminary study of in uiuo pharmacokinetics was conducted 
in a rabbit. Figure 5 illustrates the plasma concentration uersus time 
profiles obtained when the same samples were analyzed by the two 
methods. Initially, indocyanine green concentrations were similar by both 
procedures. However, after the steep declining phase, their difference 
became more pronounced. The use of the spectrophotometric method 
resulted in an erroneously low dye clearance (spectrophotometric method, 
1.58 ml/min/kg; HPLC, 2.65 ml/min/kg). 


It was questioned whether the observed difference in plasma indocy- 
anine green (Fig. 5) was an artifact or a consequence of the nonspecificity 
of the spectrophotometric assay. One step in resolving this question was 
to collect plasma from a rabbit given normal saline rather than indocy- 
anine green. Relative to water, samples collected over 5 hr exhibited an 
absorbance of 0.0058-0.0067 (790 nm), demonstrating that no time-re- 
lated changes were found in the inherent absorbance of indocyanine 
green-free plasma. In view of the plasma stability studies, dye degradation 
after sample collection was also not responsible for the difference since 
both analyses were performed on the day of the in viuo experiment. I t  
was thus concluded that an in  viuo degradation product or metabolite 
of the dye was potentially responsible for the discrepancy seen in Fig. 
5.  


To evaluate the “metabolite” hypothesis further, the HPLC solvent 
front eluate was collected for in uiuo samples, plasma standards, and a 
plasma blank. I t  was suspected that the discrepancy noted in Fig. 5 was 
due to an indocyanine green product eluting in the solvent front (similar 
to Fig. 4).  Spectrophotometric scans of the solvent front eluates of plasma 
blank and dye standards showed no detectable absorbance in the 600- 
800-nm region (Fig. 6). However, all solvent front eluates from in uius 
samples showed some absorbance in this region (Fig. 6). The absorbance 
pattern was similar to that of parent indocyanine green. However, the 
ratio of the absorbance at  770 nm to that a t  700 nm was 2.4 for the indo- 
cyanine green peak eluates and 1.9 for solvent front eluates. For reasons 
discussed earlier with respect to dye degradation, it is unlikely that the 
component found in the solvent front eluate represents a dye aggregate. 
Therefore, it is postulated that indocyanine green undergoes some deg- 
radation or metabolism in the body prior to its excretion. The fact that  
the unknown substance elutes from the HPLC column prior to the parent 
dye is suggestive of a compound that is more polar than indocyanine 
green. 
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Figure 6-Spectrophotometric scans of collected HPLC solvent front 
eluates from processed plasma samples haruested from a rabbit re- 
ceiving 25.4 mg of indocyanine greenlkg. Key: a, instrument baseline 
(blank solvent in both cells); b, plasma sample 26-min postdose (40 p l  
of supernate injected); c, plasma sample 120-min postdose (250 pl  of 
supernate injected); and d, plasma sample 360-min postdose (250 p l  
of supernate injected). 


Only one literature report was found suggesting indocyanine green 
metabolism. Nambu (20), using ascending chromatography, found three 
hands in bile samples collected from a dog administered indocyanine 
green. The three bands exhibited absorbance a t  770 nm in a pattern 
similar to that of the present studies. 


The present study demonstrated that the described HPLC method 
is more specific for indocyanine green then the traditional spectropho- 
tometric methods. This observation demands a reexamination of reports 
on indocyanine green’s stability and in uiuo pharmacokinetics. Fur- 
thermore, the nature of the degradation products/metabolites needs to 
be elucidated. These aspects are under investigation. 
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Abstract The sulfonamides and erythromycin ethylsuccinate in 
combination oral suspensions were determined by high-performance 
liquid chromatography and automated turbidimetry, respectively. The 
chromatographic procedure was rapid, specific, and stability-indicating 
for sulfisoxazole acetyl and the trisulfapyrimidines using a reversed-phase 
system with UV detection at 254 nm. Erythromycin ethylsuccinate did 
not interfere with the sulfonamide analysis and these compounds were 
assayed di th  relative standard,deviations (RSD) ranging from f2 .1  to 
f3.1%. Erythromycin ethylsuccinate was determined as erythromycin 
with RSD values of k1.3 or f3.5% without interference by the sulfon- 
amides present. 


Keyphrases Sulfonamides-analysis of oral suspensions in combi- 
nation with erythromycin ethylsuccinate, high-performance liquid 
chromatography Erythromycin ethylsuccinate-analysis of oral sus- 
pensions with sulfonamides, high-performance liquid chromatography 


High-performance liquid chromatography-analysis of oral suspen- 
sions containing sulfonamides in combination with erythromycin eth- 
ylsuccinate 


Oral suspensions containing sulfonamides in combina- 
tion with erythromycin ethylsuccinate have recently been 
developed for the treatment of acute otitis media. This 
paper presents the analysis of the sulfonamides and 
erythromycin ethylsuccinate present in two oral suspen- 
sions: erythromycin as erythromycin ethylsuccinate at 200 
mg/5 ml and sulfisoxazole as sulfisoxazole acetyl at 600 
mg/5 ml (I) and erythromycin as erythromycin ethylsuc- 
cinate at 200 mg/5 ml and trisulfapyrimidines: sulfadia- 
zine, sulfamerazine, and sulfamethazine, each at  200 mg/5 
ml (11). 


Sulfonamide dosage forms are commonly assayed by 
nitrite titrations or colorimetric methods based on a pre- 
vious (1) procedure. In mixtures containing more than one 
sulfonamide or in complex biological matrixes, paper and 
thin layer chromatography (TLC) have been used to 
quantitate the individual drugs (2-5). Often these chro- 


matographic separations are followed by the Bratton and 
Marshall procedure (6-9). The current USP assay (10) of 
trisulfapyrimidine oral suspensions uses such a procedure 
and requires several hours to complete. 


Use of gas-liquid chromatography (GLC) in the analysis 
of sulfonamides has been reported (11-14), but derivati- 
zation is generally required. High-performance liquid 
chromatography (HPLC) was used in this study to quan- 
titate the individual sulfonamides. Separations of sul- 
fonamides using ion exchange (15-17), reverse phase 
(18-24), normal phase (25-28), and ion pairing (29-30) are 
reported in the recent literature. 


Numerous analytical techniques have been reported for 
the analysis of erythromycin and its various esters. In- 
cluded are chemical methods based on ultraviolet-visible 
spectrophotometry (31-34) or fluorometry (35) in addition 
to GLC (36, 37), TLC (38-411, HPLC (42-45), and mi- 
crobiological techniques (46-48). Since the microbiological 
assay is the official methodology required for the deter- 
mination of erythromycin potency (49), an automated 
turbidimetric method was employed in this work. 


EXPERIMENTAL 
Reagents-Acetanilide', benzanilide', and potassium phosphate2 


(monobasic and dibasic) were obtained commercially and used without 
further purification. Sulfisoxazole a ~ e t y l ~ . ~ ,  erythromycin base3, eryth- 
romycin ethyls~ccinate~,  sulfadiazine3, sulfamera~ine~, and sulfameth- 
azine3 were of pharmaceutical quality and were used as received. Ace- 
tonitrile6, chloroform6, and methanol6 were HPLC grade. Oral suspen- 
sions I5 and 115 were prepared from granules prepared in house. 


Eastman Kodak Co., Rochester, N.Y. 
AR grade, Mallinckrodt, Inc., St. Louis, Mo. 
USP Reference Standards, US. Pharmacopeia, Rockville, Md. 
Hoffmann-LaRoche, Inc., Nutley, N.J. 
Abbott Laboratories, North Chicago, Ill. 
Burdick & Jackson Laboratories, Muskegon, Mich. 
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vious (1) procedure. In mixtures containing more than one 
sulfonamide or in complex biological matrixes, paper and 
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quantitate the individual drugs (2-5). Often these chro- 


matographic separations are followed by the Bratton and 
Marshall procedure (6-9). The current USP assay (10) of 
trisulfapyrimidine oral suspensions uses such a procedure 
and requires several hours to complete. 


Use of gas-liquid chromatography (GLC) in the analysis 
of sulfonamides has been reported (11-14), but derivati- 
zation is generally required. High-performance liquid 
chromatography (HPLC) was used in this study to quan- 
titate the individual sulfonamides. Separations of sul- 
fonamides using ion exchange (15-17), reverse phase 
(18-24), normal phase (25-28), and ion pairing (29-30) are 
reported in the recent literature. 


Numerous analytical techniques have been reported for 
the analysis of erythromycin and its various esters. In- 
cluded are chemical methods based on ultraviolet-visible 
spectrophotometry (31-34) or fluorometry (35) in addition 
to GLC (36, 37), TLC (38-411, HPLC (42-45), and mi- 
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assay is the official methodology required for the deter- 
mination of erythromycin potency (49), an automated 
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romycin ethyls~ccinate~,  sulfadiazine3, sulfamera~ine~, and sulfameth- 
azine3 were of pharmaceutical quality and were used as received. Ace- 
tonitrile6, chloroform6, and methanol6 were HPLC grade. Oral suspen- 
sions I5 and 115 were prepared from granules prepared in house. 


Eastman Kodak Co., Rochester, N.Y. 
AR grade, Mallinckrodt, Inc., St. Louis, Mo. 
USP Reference Standards, US. Pharmacopeia, Rockville, Md. 
Hoffmann-LaRoche, Inc., Nutley, N.J. 
Abbott Laboratories, North Chicago, Ill. 
Burdick & Jackson Laboratories, Muskegon, Mich. 


0022-3549/82/0200-0 161$0 1.00/0 
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Equipment-The chromatographic system consisted of a constant 
flow pump7, a septumless injector*, a UV detectorg operated a t  254 nm, 
a computing integratorL0 and a strip-chart recorder". The analytical 
column (4-mm i.d. X 300 mm) was prepacked with fully porous 10-pm 
silica particles to which octadecylsilane was chemically bondedI2. Tur- 
bidimetric measurements were made with a turbidimeter13 system con- 
taining a dilutor module and a reader module operated a t  600 nm. 


Sulfonamide Analysis by HPLC-Mobile Phase-The mobile phase 
for I and I1 consisted of water/acetonitrile (6040) and water/acetonitrile 
(8020), respectively. In preparing the mobile phases, appropriate volumes 
of acetonitrile were diluted to 1 liter with distilled water. The solutions 
were filtered through 0.45-pm polycarbonate membranes14 and degassed 
under vacuum. 


Chromatographic Conditions-The flow rate for I was 1.5 ml/min with 
a column pressure of -1800 psi and the detector was operated at  0.32 aufs. 
The flow rate for I1 was 1.0 ml/min with a column pressure of -700 psi 
and the detector operated a t  0.10 aufs. The analytical column was at 
ambient temperature for all separations. 


Internal Standard Solution-A 0.33 mg/ml solution of benzanilide 
in acetonitrile was prepared as the internal standard for I. A 0.20 mg/ml 
solution of acetanilide in acetonitrile was prepared as the internal stan- 
dard for 11. 


Standard Solution-Approximately 50 mg of sulfisoxazole acetyl was 
accurately weighed into a 50-ml volumetric flask for I. The drug was 
dissolved and diluted to volume with the internal standard solution giving 
a concentration of 1.0 mg/ml. For 11, -20 mg each of sulfadiazine, sul- 
famerazine, and sulfamethazine were accurately weighed into a 100-ml 
volumetric flask. The mixture was dissolved and diluted to volume with 
the internal standard solution giving concentrations of 0.20 mg/ml for 
each drug. 


Sample Preparation-A 1-ml aliquot of I was withdrawn with a dis- 
posable syringe and extracted with three 15-ml portions of chloroform. 
The bottom layers were combined and diluted to 50 ml with chloroform. 
A portion of the Chloroform solution was filtered through a 0.45-pm silver 
membrane'j and a 2-ml aliquot of the filtrate was evaporated to dryness 
under dry nitrogen. The residue was dissolved in 5 ml of the internal 
standard solution giving a drug concentration of -0.96 mg/ml. 


For 11, a 1-ml aliquot of the suspension was withdrawn with a dispos- 
able syringe and transferred to a 200-ml volumetric flask containing -100 
ml of methanol/water (6040). The suspension was mixed for 15 min on 
a mechanical shaker and diluted to volume with methanol/water (60:40). 
A portion of the solution was filtered through a 0.45-pm silver mem- 
bran@ and a 1-ml aliquot of the filtrate was evaporated to dryness under 
nitrogen. The residue was dissolved in 1 ml of the internal standard so- 
lution giving concentrations for each drug of -0.20 mg/ml. 


Analysis and Calculation-For I and 11, respectively, 5- and 4-pl 
injections of both the standard and sample preparations were made. Peak 
area ratios for duplicate injections were calculated and averaged as fol- 
lows: 


(Eq. 1) 


where ST is the standard peak area ratio, SL is the sample peak area 
ratio, PA1 is the peak area of the sulfonamide, and PA:! is the peak area 
of the internal standard. 


The concentrations of the sulfonamides in 5 ml of suspension were 
calculated hy: 


SL  
ST 


sulfonamide content per 5 ml = - X conc X 5 ml X DF (Eq. 2) 


where conc is the concentration of sulfonamide standard (mg/ml) and 
D F  is the appropriate dilution factor. 


Erythromycin Ethylsuccinate Analysis with Turbidimetric 
Finish-Dilution Buffer-A 20% phosphate buffer was prepared by 
dissolving 192.6 g of dibasic potassium phosphate and 7.4 g of monobasic 
potassium phosphate in 1 liter of distilled water. The solution was further 
diluted 100 ml to 2 liter with distilled water (solution pH 8.0 f 0.1). 


Sample Preparation-A 5-ml aliquot of I or I1 was transferred to a 


Model MWUU, Waters Associates, lvliltord, Mass. 
* M i ~ l e l  "6K, Waters Associates, Millord, Mass. 


Model SF W J ,  Schneffel Instrument Corp., Westwood, N.J. 
I "  Model Svstem 1, Spectra-Physics Corp., Santa Clara, Calif. 
I I 1ieu)rddl Series 5000, Fisher Scientific Co. ,  Pittshurgh, Pa. 


1:' Autoturh. Elanco Instruments, Eli Lilly and Co.,  Indianapolis, Ind. 
gHoiidapak CIS, Waters Associates, Milford, Mass. 


Nuclepi~re Corp., Pleahanti)n. Pa. 
Se1.1.; Corp. 0 1  America. Huntingdon Valley, Pa. 
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Figure l-C'lzronmtogram of a synthetic mixture of sulfisoxazole acetyl 
(1.0 rnglml) and three possible df'gradation products. Key: I ,  sulfanilic 
acid; 2, sulfanilamidp; 3, sulfisoxazolc; 4 ,  5 ,  7, impurities from sulfi- 
so.xazole standard; 6. sulfisoxazole acety l ;  8, benzanilide (internal 
standard). 
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Figure 8--Chromatogram of a synthetic mixture of trisulfapyrirnidines 
(0.20 mg/rn/) and triro possible degradation products. Key:  I ,  sulfanilic 
acid; 2, sulfanilamide; 3, sulfadiazine; 4,  sulfamethazine; 5,  sulfam- 
erazinc); 6, acetanilidc (internal standard). 


high-speed blender containing 195 ml of methanol and was blended for 
3 min. The methanolic solution was diluted with the dilution buffer to 
give a solution containing 100 pg of erythromycin base/ml. This solution 
was allowed to hydrolyze 16-18 hr at room temperature and diluted to 
a concentration of 4 pg of erythromycin base/ml with dilution buffer. 
Sample preparations were performed in quadruplicate. 


Table I-Precision Data for  Sulfisoxazole Acetyl in I 


Sample Label Claim", % 


Mean 
SD 


RSD. % 


105.5 
110.4 
110.8 
107.3 
110.1 
106.5 
106.0 m 
f2.3  
f 2 . 1  


0 Label claim for I was 600 mg of sulfisoxazole as sulfisoxazole acetyl/5 ml. 


Table 11-Precision Data  for  Trisulfapyrimidines in I1 


Sample 


1 
2 
3 
4 
5 
6 
7 
8 


Mean 
SD 


RSD, % 


Theoretical Percentage 
Sulfadiazine Sulfamethazine Sulfarnerazine 


105.0 
105.6 
106.6 
100.6 
107.6 
106.7 
104.7 
106.6 m 
f2.2 
f 2 . 1  


103.5 
104.0 
104.1 
99.6 


109.6 
103.4 
105.3 
105.7 m 
f2.8 
f2.7 


103.8 
103.5 
103.8 
102.1 
112.2 
107.3 
106.4 
108.0 m 
f3.3 
43.1 


0 Label claim for I1 was 200 mg of each drug/5 ml. Calculated on a weight basis 
by accurately weighing suspension sampled and total suspension prepared from 
granules Containing 65.8 mg of each drug/g. 


Table 111-Standard Addition and  Recovery Data for  
Sulfisoxazole Acetyl in I 


Assay Sulfisoxazole Acetyl, mg 
Level Addeda Recovered Recovery, % 


75% 104.6 106.4 101.7 
90% 124.9 125.9 100.8 


110% 152.5 151.6 99.4 
125% 173.5 172.1 99.2 


Mean 1002 


100% 138.4 138.1 99.8 


Weight of drug added per ml with a 1 ml sample preparation. 


Assa.v Procedure and Calculation-Erythromycin determinations 
were performed turbidimetrically as described for a variety of antibiotics 
(49). 


RESULTS AND DISCUSSION 


Sulfonamide Analysis-In the sulfonamide analyses for I and 11, 
high-performance liquid chromatography (HPLC) offered the desired 
accuracy, sensitivity, and specificity. By operating the UV detector a t  
254 nm, erythromycin ethylsuccinate carried through with the sample 
work-up does not interfere in the sulfonamide assay. 


In Figs. 1 and 2, respectively, synthetic solutions of sulfisoxazole acetyl 
(1.0 mg/rnl) and trisulfapyrimidines (0.20 mg/ml) are spiked with several 
possible degradation products and chromatographed. As shown in the 
figures, the degradation products are well resolved from the drug and 
internal standard peaks, making the HPLC analyses stability indicating. 
Figures 3 and 4, respectively, show authentic samples of I and I1 carried 
through the HPLC assay procedure. Total elution time for both I and I1 
was -11 min under the chromatographic conditions chosen. 


Linearity of response for the sulfonamides contained in I and I1 was 
demonstrated by plotting the peak area ratio of the drugs to the internal 
standards i1er .s~~ drug concentrations (mg/ml). For sulfisoxazole acetyl, 
detector response was linear to a t  least 1.5 mg/ml. For the trisulfapyri- 
rnidines, detector response was linear to a t  least 0.30 mg/ml for each 
compound. The linearity curve for each sulfonamide assayed essentially 
intersected the origin and the correlation coefficient was >0.999 for each 
curve. 


Precision data for the sulfonamide assay in I and I1 are presented in 
Tables I and 11, respectively. Analyses for I were performed over a 5-day 
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Figure 3~ --Chromatogram of a n  authent ic  assay preparation of I .  Key: 
6, sulfisoxarole acetyl; 8, henzanilide (internal s tandard) .  


period by two different analysts, preparing fresh suspensions each day. 
As shown in Table I, the average assay was 108.1% of the label claim 
amount, and the relative standard deviation of the procedure was f2.170. 
For 11, analyses were performed by two different analysts over a 2-day 
period, and results were calculated as percent theory on a weight basis. 
Rach sample shown in Table II represents a freshly prepared suspension 
and as shown, the relative standard deviations ranged from f2 .1  to 
+:it%. 
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Figure 4-C'hromatogram of a n  authentic assay preparation of 11. Key: 
3, sulfadiazine; 4. sul famethazine;  ii, sulfamerazine; 6,  acetanilide (in- 
ternal s tandard) .  


To determine if sulfisoxazole acetyl was recovered quantitatively in 
the sample preparation of I. portions of the drug were added at  75-125% 
of the formulation level to a suspension placebo. The resulting mixtures 
were extract.ed and assayed as described. The erythromycin ethylsucci- 
nate and excipients were maintained a t  the same level as for I. The 
standard addition-recovery results are summarized in Table I11 and as 
shown, an average recovery of 100.2% was obtained. 


A correlation of the sulfisoxazole acetyl analysis by HPLC and sodium 
nitrite titration (USP methodology) was made for I to determine if the 
presence of erythromycin ethylsuccinate or excipients interfered in the 
titration procedure. Suspensions containing placebo, placebo plus sul- 
fisoxazole acetyl, and placebo plus acetyl sulfisoxazole and erythromycin 
ethylsuccinate were titrated and simultaneously analyzed for sulfisoxa- 
zole acetyl by HPLC. The suspensions were prepared by accurately 
weighing quantities of each drug substance that would be present in I, 
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T a b l e  IV-Percent  Sulf isoxazole  Acetyl  Recovered  by Sodium N i t r i t e  T i t r a t i o n  a n d  H P L C  i n  I 


Sample 


~ - 


HPLC Analysis 


- ~~ 


NaNOz Titration with NaNOr Titrated with 
Potentiometric End-Pointb Amperometric End-Point'  


Sulfisoxazole acetyl 


I 
Placebo 


Placebo + sulfisoxazole acetyl 


Placebo + sulfisoxazole acetyl t 
erythromycin ethylsuccinate 


Suspension 1 
Suspension 2 


102.1a 
102.7O 
101.6 


0 
0 


97.6 
98.4 
98.2 
99.0 


1w2.1a 
101.1" 
108.1 


0 
0 


98.0 
99.2 


10.1.6 
105.4 


104.6a 
101.7~ 
108.5 


0 


100.2 


105.2 


~ 


- 


- 


a Percent manufacturer's lahel claim. ' Platinum-calomel electrode. Platinum-platinum electrode. 


T a b l e  V-Erythromycin Precis ion Data for I a n d  I1 


Day Label Claim in I n s b ,  % Label Claim in 70 


1 


2 
3 
4 
5 


Mean 
SD 


RSD,  '% 


3 - 96.4 
98.9 
99.4 
98.2 
98.2 


100:1 
98.5 
41.3 
f1.3 


105.0 
104.3 


97.1 
98.3 


102.6 
101.5 
f3 .6  
+3.5 


- 


Percent lahel claim entries are averages of quadruplicate assays. ' 1,ahel claim 
for I and I1 was 200 mg of erythromycin as erythromycin ethylsuccinate per 5 
ml. 


T a b l e  VI-Standard Addit ion a n d  Recovery  Data for 
Erythromycin  Ethylsucc ina te  i n  I 


Erythromycin Erythromycin 
Added", mg Recovered"Sb, mg Recovery, 9'0 


200.0 
200.1 
200.2 
200.3 
199.9 
200.0 


198.8 
193.5 
192.8 
193.8 
195.8 
198.0 


99.4 
96.7 
96.3 
96.8 
97.9 
99.0 


Mean 977 


a Milligrams of erythromycin activity (as erythromycin ethylsuccinate) per 5 mi. ' Ohtained from quadruplicate dilutions of a stock methanol sample prepara- 
tion. 


and these suspensions were sampled by weighing an appropriate volume 
accurately. From the analysis, the  weight of suspension sampled and the 
weight of  total suspension prepared, the percent recovery of sulfisoxazole 
acetyl was calculated. In addition, two commercial sulfisoxazole acetyl 
suspensions were titrated and simultaneo~isly assayed by HPLC. 


In 'I'ahle IV the results of the sodium nitrite titrations and the HPLC 
analysis are summarized. For those suspensions containing sulfisoxazole 
acetyl hut no erythromycin ethylsuccinate, the HPLC results and titra- 
t ions agreed with experimental error. However, tor those suspensions 
containing erythroniycin ethylsuccinate, the titration results were in- 
varial)ly higher than the HPLC results. T h e  extent of this  high bias 
ranged I'rinn 5.4-7.0'7u in the sodium nitrite t,itrations. Placebo alone ti- 
t rated identically to a solvent t h n k  and no response was observed from 
the p1acet)o preparations by HPLC. A placebo suspension containing 
eryt hromyc.in et hy1succinat.e gave a higher sodium nitrite titer than the 
plnc~el)r) ali)iie. A possible explanation for the  higher t.iter in this prepa- 
rat ion  is the reversihle reaction of nitrous acid with the tertiary aliphatic 
itmine grf ) t ip  of cry! hroniycin ethylsuccinate (50). 


Erythroniycin Ethylsuccinate Analysis-Automated turhidimetric 
aiialysis for  ;I variety of' antibiotics are in wide use. To determine the 
precihion of this technique f o r  I and 11, freshly prepared suspensions of 
each were ass;ryed over 5 days. T h e  precision data  are summarized in 
'l'ihle V percent lahel claim i n  terms oterythrumycin activity/:, ml of 
suspension. For I the percent lahel claim averaged 98.5% with a relative 
standard deviation of f1.38. For 11 the percent label claim averaged 
1~)1.5% with a relative standard deviation of f3.5%. 


To determine i f '  erythromycin ethylsuccinate was recovered quanti- 
tatively in the sample preparation of I, accurately weighed quantities of 
the  drug were added t o  a placeho suspension. Sulfisoxazole acetyl and 


excipienk were a t  the same levels a s  in the actual product. T h e  usual 
sample work-up and  analysis was performed using quadruplicate dilu- 
tions of the  methanol solution. In Table  VI,  the  standard addition-re- 
covery data collected over 5 days by two analysts are presented. As shown, 
a mean recovery of 97.7% was obtained. 


R E F E R E N C E S  


(1) A. C. Bratton and E. K. Marshall, J .  Biol. Chern., 128, 537 
( 1939). 


(2) D. J. Pietrzyk and E. Chan-Santos, J .  Chrornatogr., 87, 543 


(3) G. L. Biagi, M. Barbaro. M. C. Guerra, G. Cantelli-Forti, and 0. 


(4) H. R. Klein and W. J. Mader, J .  Pharrn. Sci., 60,448 (1971). 
(5) C. W. Sigel, J. L. Woolley, Jr.,  and C. A. Nichol, ibid., 64, 973 


(6) A. K. Fowler, J. P. Merrick, and B. E. Reidel, Can. Pharm. J . ,  91, 


(7) T. Bican-Fister and V. Kajganovic, J .  Chrornatogr., 16, 50:1 


(8) C. A. Brunner , J .  Assoc. Off. Anal. Chern., 55, 194 (1972). 
(9) Ibid., 56,689 (1973). 


(1973). 


Gandolf, ibid. ,  106,349 (1975). 


(1975). 


56 (1958). 


(1964). 


(10) "The United States Pharmacopeia," 20th rev., Mack Publishing 


(11) J. W. Turczan, J.  Pharrn. Sci., 57,142 (1968). 
(12) R. J. D a u n , J .  Assoc. Off. Anal. Chem., 54, 1277 (1971). 
(13) 0. Gyllenhaal and H. Ehrsson, J .  Chrornatogr., 107, :j27 


(14) N. Nose, S. Kobayashi, A. Hirose, and A. Watanabe, ibrd., 123, 


(15) T.  C. K r a m , J .  Pharrn. Sc i . ,  61,254 (1972). 
(16) R. B. Poet  and H. H. Pu, ibid. ,  62,809 (1973). 
(17) G. B. Cox and  K. Sugden, Analyst ,  102,29 (1977). 
(18) J. Owerbach, N. F. Johnson, T. R. Bates, H. J .  Pieniaszek, Jr., and 


(19) R. 0. Singletary, Jr., and F. D. Sancillio, ibid., 69, 144 (1980). 
(20) T. J .  Goehl, L. K. Mathur, J .  D. Strum, J. M. Jaffe, W. H. Pitlick, 


(21) J. P. Sharma, E. G. Perkins, and R. F. Bevill, ibid. ,  65, 1606 


(22) K. Harzer, J .  Chrornatogr., 155,399 (1978). 
(23) R. L. Suber and G .  T .  Edds, J .  Liq. Chromatogr., 3,257 (1980). 
(24) R. W. Bury and M. L. Mashford, J .  Chromatogr., 163, 114 


(25) D. Seymour and R. D. Rupe, J .  Pharrn. Sci., 69,701 (1980). 
(26) H. Umagat, P. F. McGarry, and R. J. Tscherne, ibid., 68, 922 


(27) E. C. Jennings and W. C. Landgraf, ib id . ,  66.1784 (1977). 
(28) P. H.  Cobb and C. T. Hill, J .  (Ihromatogr., 123.444 (1976). 
(29) C. F. Fischer and U. Klotz, ibid. ,  162,237 (1979). 
(30) S. C. Su, A. V. Hartkopk, and B. L. Karger, ibid., 119, 523 


(31) J. B. Tepe  and C. V. St. John,  Anal. Chem., 27,744 (1955). 
(32) P. E. Manni and J. E. Sinsheimer, ibid., 33, I900 (1961). 
(33) -1. H. Ford, G. C. Prescot,t, J. W. Hinman, and  E. L. Caron, ibid., 


(34) R. V. Smith,  R. G. Harris, D. D. Maness, and A. Martin, Micro- 


(35) K. Y. Tserng and J. G. Wagner, Anal. Chern., 48,348 (1976). 
(36) K. Tsuji and'J. H. Robertson, ibid., 43,818 (1971). 


Co., Easton, Pa., 1980, pp. 831-832. 


(1975). 


167 (1976). 


W. J .  Jusko, J .  Pharrn. Sci., 67,1250 (1978). 


V. P.  Shah, R. I. Poust, and J. L. Colaizzi, ibid., 67,404 (1978). 


(1976). 


(1 979). 


(1979). 


(1976). 


25, 1195 (1953). 


ch~rn.  J. ,  23,51 (1978). 


Journal of Pharmacecrtical Sciences I 165 
Vol. 71, No. 2, February 1982 







(37) J. H. Robertson and K. Tsuji, J.  Pharm. Sci.,  61,1633 (1972). 
(38) G.  Kobrehel, Z. Tamburasev, and S. Djokic, J .  Chrornatogr., 133, 


(39) G. Richard, C. Radecka,D. W. Hughes, and W. L. Wilson, ibid., 


(40) T. T. Anderson, ibid., 14,127 (1964). 
(41) A. Vilim, M. J. LeBelle, W. L. Wilson, and K. C. Graham, ibid., 


(42) K. Tsuji and J. F. Goetz, ibid., 147,359 (1978). 
(43) K. Tsuji, ibid., 158,337 (1978). 
(44) K.  Tsuji and J. F. Goetz, J .  Antibiot.,  31,302 (1978). 
(45) S. Omura, Y. Suzuki, A. Hakagawa, and T. Hata, ibid., 26,794 


(1973). 
(46) D. C. Grove and W. H. Randall, “Assay Methods of Antibiotics, 


A Laboratory Manual,” Medical Encyclopedia Publishers, New York, 
N.Y., 1955, pp. 96-103. 


415 (1977). 


67,69 (1972). 


133,239 (1977). 


(47) S. C. Bell, J. W. Hamman, and W. E. Grundy, Appl. Microbiol., 
17.88 (19691. , ~~ , ~ ~ ~ ~ I  


(48) J. V. Bennett, J. L. Bodie, E. J. Benner, and W. M. Kirby, ibid., 
14,170 (1966). 


(49) “Code of Federal Regulations, Title 21,” U S .  Government 


(50) T. A. Geissman, “Principles of Organic Chemistry,” 3rd ed., F. 
Printing Office, Washington, D.C., 1980, Parts 436.105 and 436.106. 


H. Freeman, San Francisco, Calif., 1968, p. 625. 


ACKNOWLEDGMENTS 


Presented a t  the APhA Academy of Pharmaceutical Sciences, San 
Antonio meeting, November 1980. 


The authors thank Mr. Tim Porter and staff for their assistance in the 
validation of this methodology and Ms. Diane Penza for her assistance 
in preparing the manuscript. 


Gas Chromatographic Analysis of Meperidine and 
Normeperidine: Determination in Blood after a Single 
Dose of Meperidine 


PEYTON JACOB I11 sx, JEAN F. RIGOD *, SUSAN M. POND *$, and NEAL L. BENOWITZ *$ 


Received February 13,1981, from the ‘Diuision of Clinical Pharmacology, Department of Medicine, School of Medicine, University of 
California, San Francisco, CA 94143 and the $Division of Clinical Pharmacology, San Francisco General Hospital, San Francisco, CA 
94110. Accepted for publication June 25, 1981. 


Abstract A method is described for the determination of meperidine 
and its pharmacologically active metabolite, normeperidine, in blood, 
plasma, and urine using gas chromatography with nitrogen-phosphorus 
detection. Structural analogs of both meperidine and normeperidine were 
used as internal standards. Unlike previously reported assays, this pro- 
cedure was sensitive and convenient enough for use in pharmacokinetic 
studies of both meperidine and normeperidine following single doses of 
meperidine. The assay was sensitive to 5 ng of meperidine/ml and 2.5 ng 
of normeperidine/ml extracted from a 1-ml biological sample. The be- 
tween-assay coefficients of variation a t  these concentrations were 9.4 and 
10.4%, respectively. 


Keyphrases Meperidine-gas chromatographic analysis in blood 
Normeperidine-gas chromatographic analysis in blood after single dose 
of meperidine 0 Gas chromatography-analysis of meperidine and 
normeperidine in blood Analgesirr-meperidine, gas chromatographic 
analysis in blood 


Normeperidine (I), the N-demethylated metabolite of 
the analgesic drug meperidine (II), is pharmacologically 
active (1) and may cause seizures in humans (2). Therefore, 
blood levels of I should be determined when delineating 
the side effects and drug interactions that occur with 11. 
To carry out such studies after single doses of 11, a sensitive 
and specific gas chromatographic (GC) assay for I and I1 
in biological fluids was developed. The assay allows mea- 
surement of I1 up to 24 hr and I up to 48 hr after a single 
dose of 11. 


Previously published methods with adequate sensitivity 
for the measurement of I in plasma after a single dose have 
involved GC-mass spectrometry with selected ion moni- 
toring (3, 4), radioimmunoassay (5), or GC using elec- 
tron-capture detection (6). GC methods with flame-ion- 
ization detection (7-10) may be satisfactory for deter- 
mining therapeutic concentrations of 11, but have marginal 


I II 


111 IV 


sensitivity for the determination of plasma I concentra- 
tions (7-9) following single doses of the parent drug. 


This report describes the GC determination of I and I1 
using a nitrogen-phosphorus detector, which is highly 
selective toward nitrogen-containing compounds such as 
I1 and its derivatives. The assay is significantly faster and 
more convenient than previously reported GC methods, 
and is applicable to whole blood, plasma, or urine. 


EXPERIMENTAL 


Materials-Meperidine hydrochloride and normeperidine hydro- 
chloride were obtained’. Heptafluorobutyric anhydride and sodium cy- 
anoborohydride were obtained commercially*. Normeperidinic acid n-  
propyl ester (111) was synthesized by a previous method (6). N-ethyl- 
normeperidine (IV) was synthesized as will be described. All other 
chemicals and solvents were analytical reagent grade. 


Synthesis of N-Ethylnormeperidine Hydrochloride-Sodium 
cyanoborohydride (100 mg) was added to a solution of normeperidine 
hydrochloride (250 mg) and acetaldehyde (0.5 ml) in 50 ml of 5Wo aqueous 


Kindly supplied by Sterling-Winthrop Research Institute, Rensselaer, N.Y. * Aldrirh Chemical Co., Milwaukee, Wis. 
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Abstract The intraocular penetration of [14C]fosfonet was studied 
following topical application of 25 mg of an ointment containing 5% 
[14C]fosfonet sodium onto the intact and abraded eyes of New Zealand 
white rabbits. Radioactivity penetrated rapidly through the abraded 
cornea and entered the anterior chamber. The concentration of fosfonet 
in the aqueous humor peaked a t  7.2 pg/ml by 90 min. Assuming an 
aqueous humor volume of 300 pl, this level would correspond to  ap- 
proximately 0.2% of the applied dose. The highest concentration of fos- 
fonet found in the abraded cornea was 0.3 pg/mg, or 0.4% of the applied 
dose. The half-lives for the elimination of fosfonet from the aqueous 
humor and cornea were about 2.5 and 2.7 hr, respectively. The fosfonet 
levels in the iris were extremely low throughout the 6-hr period. The 
penetration of [14C]fosfonet through the intact cornea was considerably 
less than that found in the abraded eye. The peak concentrations of 
fosfonet in the aqueous humor and cornea of the intact eye were 0.26 
pg/ml and 0.02 pg/mg, respectively, and occurred within 10 min of ap- 
plication of the ointment. 


Keyphrases [14C]Fosfonet sodium-intraocular penetration 0 Ocular 
agents-[ 14C]fosfonet, aqueous humor, ophthalmic bioavailability, rabbit 
eye 0 Antiherpetic agent-effect of [14C]fosfonet on rabbit cornea 


Shipkowitz et al. (1) first reported that fosfonet sodium 
(disodium phosphonoacetate) inhibited the replication of 
herpes viruses both in tissue cultures and in experimental 
animal models. Fosfonet was effective in reducing the se- 
verity of the corneal lesions in rabbits when applied topi- 
cally in concentrations of 0.5 to 5% starting 2 hr after virus 
inoculation. Subsequent studies demonstrated that 5% 
fosfonet, either as a solution or an ointment, was as effec- 
tive as 0.5% idoxuridine in the treatment of established 
herpetic keratitis in rabbits (2-4) and was superior to 


Table I-Aqueous Humor, Cornea, and  Iris Concentrations 
following Topical Application of a 5% [*4C]Fosfonet Sodium 
Ointment (25 mg) onto Abraded Eyes of New Zealand White 
Rabbits 


Time after Aqueous Humor" Cornea" Iris" 
Application %/ml % pg/ml % p d m g  % pg/mg 


10 min 


20 min 


40 rnin 


1 hr 


1.5 hr 


2 hr 


3 hr 


4 hr 


6 hr 


0.31 
f 0.05 


0.40 
f 0.05 


0.70 
f 0.08 


0.69 
f 0.10 


0.76 
f 0.10 


0.67 
f 0.08 


0.59 
f 0.09 


0.42 
f 0.09 


0.21 
f 0.03 


0.09 2.94 0.40 0.27 <0.01 0.02 
f 0.01 f 0.47 f 0.06 f 0.04 - f <0.01 


0.12 3.76 0.41 0.27 0.01 0.02 
f 0.02 f 0.48 f 0.05 f 0.03 f <0.01 f <0.01 


0.21 6.61 
f 0.02 f 0.79 


0.21 6.53 
f 0.03 f 0.91 


0.23 7.23 
f 0.03 f 0.91 


0.20 6.36 
f 0.02 f 0.79 


0.18 5.61 
f 0.03 f 0.87 


0.12 3.97 
f 0.03 f 0.83 


0.06 2.01 
f 0.01 f 0.31 


0.41 
f 0.07 


0.30 
f 0.04 


0.34 
f 0.08 


0.28 
f 0.03 


0.21 
f 0.03 


0.17 
f 0.02 


0.12 
f 0.01 


0.28 0.01 0.02 
f 0.04 f <0.01 f 0.01 


0.22 <0.01 0.01 
f 0.02 - f <0.01 


0.23 0.01 0.02 
f 0.05 f <0.01 f <0.01 


0.18 <0.01 0.01 
f 0.02 - f <0.01 


0.13 <0.01 0.01 
f0.02 - f <0.01 


0.10 <0.01 0.01 
f O . O 1  - f <0.01 


0.07 <0.01 <0.01 
f 0.01 - - 


idoxuridine in inhibiting the replication of the virus (3). 
Furthermore, it was found (4) that fosfonet was also ef- 
fective against idoxuridine-resistant keratitis when applied 
topically on rabbit eyes and against herpetic iritis when 
administered to rabbits either intravenously or subcon- 
junctively but not topically. 


Fosfonet is relatively nontoxic to rabbit eyes. It was re- 
ported (4) that 5% fosfonet was not toxic to the corneal 
epithelium of rabbits when applied 6 times a day for 5 days. 
Similarly, rabbit eyes were treated with a 5% fosfonet 
ointment 4 times a day for 42 days and no evidence of 
toxicity in clinical and histopathological studies was found 
(3). Although fine punctate lesions of the superficial cor- 
neal epithelium were observed (2) when a 5% fosfonet so- 
lution was applied to normal rabbit eyes 8 times a day for 
3 days, the lesions disappeared within 48 hr after treatment 
was stopped and were no more severe than those encoun- 
tered with idoxuridine. 


Because of its potential usefulness in treating herpetic 
keratitis, this study was performed to investigate the in- 
traocular penetration of [14C]fosfonet after topical appli- 
cation of an ointment containing 5% fosfonet sodium onto 
the intact or abraded eyes of rabbits. Since removal of the 
corneal epithelium frequently enhances the intraocular 
penetration of drugs and the integrity of the corneal epi- 
thelium may be disrupted in ocular herpes infections, it 
was of special interest to study the intraocular penetration 
of fosfonet in eyes with corneal abrasions. 


EXPERIMENTAL 


Materials-Fosfonet sodium was labeled with carbon 14 in the car- 
boxylic position. Radiochemical and chemical purity was established by 
thin layer and anion exchange chromatography and mass spectrometry. 
A lanolin-petrolatum based ointment' containing 5% [14C]fosfonet so- 
dium was prepared and had a final activity of 0.16 pCi/mg ointment. 


Animals-Male New Zealand white rabbits, weighing 2.3-4.0 kg, were 
used. Prior to use, the animals were maintained in standard laboratory 
animal cages and allowed food and water ad libitum. During the study, 
the rabbits were placed in restraining cages which held them in a normal 
upright position. All animals were acclimated to these conditions by being 
placed in the restrainers for successively longer periods of time twice a 
day for 3 days. 


Corneal abrasions were made by anesthetizing the eye with 0.5% tet- 
racaine hydrochloride2 and then gently scraping the cornea with a scalpel 
blade to remove the epithelial surface. Fluorescein staining was per- 
formed in preliminary studies to assess the abrading technique. Extreme 
care was exercised to avoid damaging the corneal stroma or the con- 
junctiva, and any animal that had visible signs of damage (e.g., bleeding) 
was not used in the study. About 1.5-2 hr elapsed between abrading and 
dosing the eye. 


While holding the eyelids open and after the nictitating membrane had 
receded, the ointment (-25 mg) was applied onto the corneal surface and 
into the pocket formed by the lower lid and the globe. The eyelids were - 


Mean f standard error of 10-12 determinations, based on total radioactivity 
and expressed as micrograms of fosfonet, assuming a 25-mg dose of the ointment 
corresponding to 1250 pg of fosfonet sodium or 950 pg of fosfonet. Concentrations 
expressed per milliliter aqueous humor or milligram dry wei ht of cornea or iris. 
The percentage in aqueous humor was calculated from the %fml, assuming a total 
aqueous humor volume of 0.30 ml. 


Composition of the ointment in 9% by weight: Solution containing 50% (w/v) 
fosfonet disodium monohydrate, 15.3%; anhydrous lanolin, 22.6%; 17% benzalko- 
nium chloride, 0.01%; white petrolatum, 62.1%. 
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Table 11-Aqueous Humor and Cornea Concentrations following 
Topical Application of a 5 %  ['4C]Fosfonet Sodium Ointment (25 
mg) onto Intact  Eyes of New Zealand White Rabbits 


Time After 
Application 


10 min 


20 min 


40 rnin 


1 hr 


1.5 hr 


2 hr 


3 hr 


4 hr 


6 hr 


Aqueous Humor" Corneaa 
%/ml % finlml % d m a  


0.03 0.008 0.26 0.04 0.02 
f 0.01 f 0.002 f 0.08 f 0.01 f <0.01 


0.01 0.002 0.06 0.02 0.01 
f <0.01 f <0.001 f 0.01 f <0.01 f <0.01 


0.01 0.004 0.12 0.03 0.01 
f <0.01 f 0.001 f 0.03 f <0.01 f <0.01 


0.01 0.003 0.08 0.02 0.01 
f <0.01 f <0.001 f 0.01 f <0.01 f <0.01 


0.02 0.006 0.20 0.02 0.01 
f 0.01 f 0.002 f 0.07 f 0.01 f <0.01 


0.02 0.005 0.16 0.01 0.01 
f 0.01 f 0.003 f 0.10 f <0.01 f <0.01 


0.02 0.005 0.16 0.02 0.01 
f <0.01 f <0.001 f 0.02 f <0.01 f <0.01 


0.02 0.005 0.15 0.01 0.01 
f 0.01 f 0.002 f 0.05 f <0.01 f <0.01 


0.02 0.005 0.16 0.01 <0.01 
f 0.01 f 0.002 f 0.05 f <0.01 - 


a Mean f standard error of six determinations, based on total radioactivity and 
expressed as micrograms of fosfonet, assuming a 25-mg dose of the ointment cor- 
responding to 1250 pg of fosfonet sodium or 950 pg of fosfonet. Concentrations 
expressed per milliliter aqueous humor or milligram dry weight of cornea. The 
percentage in aqueous humor was calculated from the %/ml, assuming a total 
aqueous humor volume of 0.30 ml. 


then released and gently manipulated to spread the ointment over the 
cornea. Generally both eyes of each rabbit were used, but the dosing 
schedule was adjusted so that the eyes represented two different, but not 
successive, time points. A t  selected times after dosing, the rabbits were 
sacrificed by injecting an overdose of a solution3 containing sodium 
pentobarbital, sodium secobarbital, and mephenesin into the marginal 
ear vein. The cornea and sclera were thoroughly rinsed with physiological 
saline4 and gently wiped dry with a tissue. An aqueous humor sample 
(0.1-0.2 ml) was withdrawn from the anterior chamber. The optic nerve 
and blood vessels were then clamped with a hemostat, and the corneal 
surface was again rinsed with saline. The cornea and iris were removed 
by cutting around the corneal-scleral limbus, and the iris was separated 
from the cornea. Both tissues were thoroughly rinsed in saline, allowed 
to dry for several days at  room temperature, and weighed. 


In some animals, ointment was applied to  both eyes at  the same time, 
and blood samples were withdrawn from the central artery of an ear a t  
selected times after dosing. The heparinized blood samples were centri- 
fuged and the plasma was saved for radioassay. 


Radioassay-An aliquot of the aqueous humor samples was applied 
to an absorbant paper disc5 encased in a cellophane combustion enve- 
lope6. The tissue and plasma samples were placed in combustion cones7 
containing cellulose powders. All samples were then burned in a sample 
oxidizer9, and radioassay was accomplished by liquid scintillation spec- 
trometrylO. Correction for quenching was made by automatic external 
standardization. All levels were based on total radioactivity and were 
expressed as micrograms of fosfonet. To correct for the small and sta- 
tistically insignificant differences in the milligrams of ointment applied, 
the results were expressed as adjusted concentrations based on a 25.0-mg 
dose. 


RESULTS 


The drug concentrations in the aqueous humor, cornea, and iris a t  
various times after topical application of the [14C]fosfonet sodium oint- 
ment onto the abraded eyes of New Zealand white rabbits are presented 
in Table I. The radioactivity appeared to penetrate rapidly through the 
abraded cornea and enter the aqueous humor. The concentration of 
fosfonet in the aqueous humor -2.9 pg/ml by 10 min, reached 6.6 pg/ml 
by 40 min, and peaked a t  7.2 pg/ml by 90 min. Thereafter, the levels in 
the aqueous humor declined slowly, with a half-life of -2.5 hr, as deter- 


Repose; Diamond Laboratories, Ues Moines, Ia. 
Ahhott Laboratories, North Chicago, Ill .  
Schleicher and Schuell, Keene N.H. 
Ivers-Lee Co.. West Caldwell, N.J. 
Packard Instrument Co., Downers Grove, Ill. 
Whatman, Inc., Clifton, N.J. 
Model 306 Sample Oxidizer, Packard Instrument Co., Downers Grove, Ill. 


lo Model 3380 Liquid Scintillation Spectrometer, Packard Instrument Co., 
Downers, Grove, Ill .  


mined by linear regression analysis. The peak concentration of fosfonet 
in the abraded cornea was -0.3 pg/mg dry weight and remained relatively 
constant through at  least 40 min. The half-life for the disappearance of 
radioactivity from the cornea was -2.7 hr. The levels of fosfonet in the 
iris were very low throughout the study, never exceeding 0.02 pg/mg. 


The penetration of fosfonet through the intact cornea (Table 11) was 
considerably less than that found in the abraded eyes. The peak levels 
in both the aqueous humor and cornea of the intact eyes were reached 
by 10 min but were only 0.26 pg/ml and 0.02 pg/mg, respectively. The 
concentrations in the iris were consistently less than 0.01 pg/mg. 


The systemic absorption of fosfonet appeared to be quite limited. In 
rabbits with an intact corneal epithelium, the plasma concentrations at  
times ranging from 10 rnin to 24 hr never reached 0.01 pg/ml, while the 
levels in the rabbits with abraded corneas averaged 0.01-0.02 pg/ml. 


DISCUSSION 


The results of this study were based on total radioactivity but were 
expressed as micrograms of fosfonet. Since previous studies" in these 
laboratories had indicated that intravenously administered [14C]fosfonet 
was excreted unchanged in the urine of rabbits, it is reasonable to assume 
that most of the radioactivity did represent the parent drug. It was also 
assumed that the radioactivity found in each eye came from transcorneal 
penetration and not from the systemic circulation. The low plasma levels 
of radioactivity suggested that this assumption was also valid. The plasma 
levels appeared to be slightly higher in the rabbits with abraded corneas 
than those with an intact corneal epithelium, possibly due to the greater 
penetration of fosfonet into the abraded eye. However, it was more 
striking that the drug levels in the systemic circulation were exceedingly 
low. 


Generally, less than 1% of the instilled dose of most drugs crosses the 
cornea and enters the anterior chamber (5). For example, it was reported 
(6) that -0.1-0.2% of an instilled dose of a tritiated pilocarpine nitrate 
solution was found in the aqueous humor of intact rabbit eyes. If the total 
volume of aqueous humor in a rabbit eye is assumed to be 300 pI (7,8), 
then -0.23% of the applied fosfonet dose would be present in the aqueous 
humor of the abraded eyes at  the time of the peak concentration (1.5 hr). 
In contrast, less than 0.01% of the dose would have penetrated through 
the intact cornea and entered the aqueous humor. Comparison of the 
areas under the aqueous humor concentration-time curves indicated that 
the amount of drug penetrating through the intact cornea was only about 
3% of that found in the aqueous humor of the abraded eyes. Removal of 
the corneal epithelium enhances the rate and degree of penetration, 
especially with water soluble or polar compounds (9). Therefore, the 
marked difference in the penetration of fosfonet through the intact and 
abraded corneas is not surprising. However, it should be noted that the 
integrity of the corneal epithelium is one factor that might markedly 
affect the intraocular penetration and possibly the therapeutic efficacy 
of fosfonet. 


Most drugs achieve peak concentrations in the cornea and aqueous 
humor in a short time, thus appearing to penetrate rapidly into the ocular 
tissues. However, recent studies with pilocarpine nitrate have shown that 
the short time required to reach the peak concentrations is primarily 
dependent on the rapid parallel elimination of the drug from the pre- 
corneal area and that the actual absorption rates for the cornea and 
aqueous humor are lower than expected from the concentration-time 
profiles (10-13). With fosfonet, the peak concentrations in both the intact 
and abraded corneas were reached within 10 min, the shortest time in- 
terval studied. The peak concentration in the aqueous humor of the intact 
eye was also reached within 10 min, but there was considerable fluctuation 
in the aqueous humor levels during the first two hr. In contrast, the 
aqueous humor concentrations in the abraded eye peaked considerably 
later (1.5 hr). The reasons for the difference in the peak concentration 
times are not known. More work is required to determine fosfonet 
pharmacokinetics in intact and abraded eyes and to assess other factors 
that might influence the time needed to reach peak concentrations. 


It was found (4) that fosfonet was effective in treating experimental 
herpetic iritis in rabbits when administered systemically or subcon- 
junctively but not topically. The low fosfonet levels in the iris were con- 
sistent with the lack of beneficial effects of topically applied fosfonet in 
herpetic iritis in rabbits. However, stromal disease and iritis are difficult 
to treat effectively with the topical application of most other antiviral 
agents as well (14). 


Dr. G. Ikeda, Ahbott Laboratories, North Chicago, Ill .  (unpublished re- 
sults). 
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Unusual Cholesterol Solubility in Water/Glyceryl- 
1 -monooctanoate Solutions 


Keyphrases 0 Cholesterol-unusual solubility in water/glyceryl-1- 
monooctanoate solutions Glyceryl-1-monooctanoate-aqueous solu- 
tions, unusual solubilities of cholesterol 0 Gallstones-cholesterol, sol- 
ubility in water/glyceryl-1-monooctanoate solutions 


To the Editor: 
Glyceryl-1-monooctanoate (monooctanoin) (I) has been 


recently used in humans for dissolution of cholesterol 
gallstones in the common bile duct (1, 2). The solvent is 
slowly infused into the bile duct for several days, usually 
uia a T-tube left in place following cholecystectomy. The 
high cholesterol solubility in I, 11.7% (w/v) a t  37", was 
reported in a systematic study of cholesterol solubility in 
organic solvents by Flynn et al. (3). Optimum cholesterol 
solubility appeared to occur when the solvent (n-alkanols 
or fatty acid ethyl esters) had a total carbon chain length 
of about seven atoms. 


The present study was initiated to determine if choles- 
terol was involved in formation of liquid crystalline phases 
in aqueous I solutions. Larsson found that highly purified 
I and water formed a lamellar liquid crystalline phase at 
37' when the water content was between 8 and 45% (4). 
Such equilibria could be important in gallstone dissolution 
since I would be in contact with bile during the infusion 
procedure and with moisture during handling. But when 
water/I mixtures were prepared with the same type of I 
used in the reported gallstone dissolution studied, only 
isotropic phases were observed by polarizing microscopy2. 
This apparent discrepancy is thought to be caused by the 
presence of about 30% of the corresponding diglyceride in 
the commercial material (1,5). Diglycerides or triglycerides 


' Capmul8210, Capitol City Products, Columbus, Ohio. 
Zetopan, Reichert, Vienna, Austria. 


are more hydrophobic and do not form lyotropic meso- 
phases (4). The solubility of water in the commercial 
sample of I was determined visually to be -18-20% (w/w) 
a t  37". An exact value is not meaningful, since each batch 
will vary somewhat in its fatty acid distribution and di- 
glyceride content. Above this concentration simple 
emulsions were formed rather than liquid crystalline 
phases. 


Cholesterol is known to crystallize in anhydrous and 
monohydrate forms (6) and the anhydrous form is -50% 
more soluble in aqueous bile salt solutions (7). Since either 
of these crystalline forms could possibly exist in aqueous 
I solutions, the cholesterol solubility in such solvent mix- 
tures was determined (Fig. 1). Suspensions of anhydrous 
cholesterol3 or cholesterol monohydrate (recrystallized 
from aqueous ethanol) were prepared in aqueous I solu- 
tions and equilibrated using a vibratory mixer4 in a con- 
stant-temperature bath. The suspensions at equilibrium 
were observed with the polarizing microscope and quickly 
filtered through 0.45 pm membranes5 which had been 
equilibrated at the test temperature. The two crystal forms 
were microscopically identified by their characteristic 
habits (6). The filtrates were analyzed for cholesterol by 
HPLC (8) with detection at 205 nm and for water content 
by Karl Fischer titrimetry6. 


Cholesterol solubility increased to a maximum and then 
decreased over the range of water concentration studied. 
The solubility was independent of the sampling time and 
crystal form initially present, indicating that equilibrium 
had been attained. An explanation cannot be offered for 
the higher solubility found in the present investigation 
compared to previous reports (3). 


Immediate microscopic inspection of the suspensions 
showed that at water concentrations below the apparent 


Sigma Chemical Co., St. Louis, Mo. 
Vibromixer El ,  Chemapec, Woodbury, N.Y. 
Millipore, Bedford, Mass. 
Auto-aquatrator, Precision Scientific, Chicago, Ill. 
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Liquid Membrane Phenomena in Haloperidol Action 
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Abstract 0 Haloperidol, a surface-active neuroleptic drug, was shown 
to generate a liquid membrane on a supporting membrane. Transport 
of adrenalin, noradrenalin, dopamine, serotonin, histamine, glutamic acid, 
y-aminobutyric acid, and sodium, potassium, and calcium ions through 
the haloperidol liquid membrane was studied. The data indicate that the 
phenomenon of a liquid membrane plays a significant role in the mech- 
anism of action of haloperidol. 


Keyphrases 0 Liquid membrane phenomena-effect on haloperidol 
action Haloperidol-liquid membrane phenomena, effect on mecha- 
nism of action Surface-active drugs-haloperidol, effect of liquid 
membrane phenomena 


A wide variety of biologically active agents have been 
shown to be surface active (1-4). This does not appear to 
be a coincidence. In a number of cases a definite correlation 
between surface activity and biological effects has been 
demonstrated (1 ,3 ,4) .  Most of the potent neuroleptics are 
known to behave like powerful surface-active agents (2) 
and the surface activities of neuroleptic drugs also correlate 
with their clinical potencies (1). Palm et al. (5) concluded 
that regardless of the chemical structure, mainly the sur- 
face activity of psychotropic drugs determines their 
potencies toward all kinds of membranes, especially that 
of catecholamine-storing particles. Surface-active agents 


f@- 


have been shown (6-8) to generate liquid membranes 
which completely cover the interface a t  or above the crit- 
ical micelle concentration of the surfactants when added 
to water or aqueous solutions. Therefore, it is likely that 
the liquid membrane phenomena may have an important 
role in the mechanism of action of such drugs, and deserves 
a systematic investigation. Haloperidol is a neuroleptic 
drug belonging to the class of butyrophenones and is 
known to be surface active in nature (2). 


Haloperidol acts by modifying the permeabilities of 
catecholamines and a few neurotransmitter amino acids 
in biological cells (2). T o  date, this effect has been ex- 
plained solely on the basis of specific drug interaction with 
the receptors. No serious attempt has been made to assess 
the contribution of the liquid membrane to the mechanism 
of its action. Experiments were designed to demonstrate 
the existence of a haloperidol liquid membrane at  the in- 
terface. Data on the transport of endogenous amines, 
neurotransmitter amino acids, and sodium, potassium, and 
calcium ions through the haloperidol liquid membrane 
were obtained. A cellulose acetate membrane-water in- 
terface was chosen as a site for the formation of the liquid 
membrane. In this way, any active and specific interaction 
of the drug with the membrane that alters the permea- 
bilities of relevant permeants was ruled out and only data 
on passive transport was obtained. 


EXPERIMENTAL / / I  


MAGNETIC NEEDLE 


MAGNETIC 7-T STIRRER 


Figure 1-The transport cell. Key: M ,  supporting membrane (cellulose 
acetate millipore filter); P, bright platinum electrodes; L1L2, 17-cm 
capillary tube with 1.33 X lo-' cm diameter and E l  and Ez ,  electrode 
terminals. Volume of Compartments C and D are 590 and 50 ml, re- 
spectiuely. 


Materials-Haloperidol', dopamine chlorhydrate*, adrenalin hy- 
drogen tartrate2, ad nor adrenal id, serotonin creatinine sulfate4, histamine 
acid phosphate5, L-glutamic acid5, y-aminobutyric acid5 (I), sodium 
chloride6, potassium chloride6, calcium chloride6, and water glass-distilled 
over potassium permanganate were used. 


Methods-The critical micelle concentration (CMC) of aqueous ha- 
loperidol was determined from the plots of surface tension uersus con- 
centration a t  37 f 0.1". The surface tensions were measured using the 
method of capillary rise. The CMC value found for aqueous solutions of 
haloperidol, was 1.064 X M .  T o  prepare the aqueous solutions of 
haloperidol, the weight of drug necessary to attain the desired concen- 
tration was dissolved in ethanol and added with constant stirring to the 
aqueous phase. The stirring was continued for -12 hr. In the aqueous 
solutions of haloperidol thus prepared, the final concentration of ethanol 
was never allowed to exceed 0.1% (v/v) because a control experiment 
showed that 0.1% (v/v) solution of ethanol in water did not lower the 
surface tension of water to any measurable extent. 


The all-glass cell described earlier (8) was used for the transport studies 
(Fig. 1). The transport cell was separated into two compartments by a 
cellulose acetate millipore filter7 which acted as a support for the liquid 
membrane. 


For measurements of hydraulic permeability, aqueous haloperidol 
solutions of various concentrations ranging from 0 to 1.064 X M were 
filled in Compartment C of the transport cell (Fig. l),  while Compartment 
D was filled with distilled water. The concentration range was selected 


1 B. P. Searle (India). 
Loha Chemie. 
Fluka A.G.. 
Koch Light Laboratories Ltd 
BDH. 
Analar grade. 
Sartorius, Cat. No. 11107 of thickness 1 X m and area 5.373 X 10-5 m2. 
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to get data on both the lower and higher sides of the CMC of haloperidol. 
Known pressures were applied on Compartment C by adjusting the 
pressure head and the resulting volume flux was measured by noting the 
rate of advancement of the liquid meniscus in capillary LlLz with a 
cathetometer reading up to 0.001 cm and a stopwatch reading up to 0.1 
sec. The magnitude of the applied pressures also was measured by noting 
the position of the pressure head, with a cathetometer reading up to 0.001 
cm. During the volume flux measurements the solution in Compartment 
C was well stirred and electrodes El and El were short circuited so that 
the electro-osmotic back flow that developed due to streaming potentials 
did not interfere with the observations. 


To measure permeability of endogenous amines, amino acids, and 
sodium, potassium, and calcium ions, two sets of experiments were per- 
formed. In the first set of experiments, Compartment C of the transport 
cell was filled with the respective permeants, prepared in 4.256 X 
M aqueous solution of haloperidol and Compartment D was filled with 
distilled water. In the second set of experiments Compartment D was 
filled with 4.256 X M solution of haloperidol and Compartment C 
was filled with aqueous solutions of the permeants. No haloperidol was 
used in the control experiments. The initial concentrations chosen for 
the endogenous amines, amino acids, and cations were comparable to 
their concentrations in the vicinity of nervous tissue. The condition of 
no net volume flux ( J ,  = 0) was attained by adjusting the pressure head 
attached to Compartment C of the transport cell so that the liquid me- 
niscus in capillary LlLz remained stationary. After a known period of 
time, the concentration of the permeant in the other compartment was 
measured. The amount of permeant gained by Compartment D divided 
by the time and the area of the membrane gave the value of solute flux 
( J s ) .  The value of solute permeability was estimated using the definition 
(9.10): 


[L) = w  
AT J U = O  (Eq. 1) 


where AT is the osmotic pressure difference. The value of AT used in the 
calculation of w was the average of the AT values a t  the beginning ( t  = 
0) and end of the experiment. During the permeability measurements, 
the solution in Compartment C was kept well stirred. All measurements 
were made a t  constant temperature by placing the transport cell (Fig. 
1) in a thermostat set at 37 f 0.1O. 


Estimations-The amounts of the various permeants transported to 
Compartment D were estimated as follows: 


Endogenous Amines-The amounts of the catecholamines, namely 
dopamine, noradrenalin, and adrenalin, were estimated fluorometrically 
a t  325 nm (11 ) .  Though the fluorescence maximum of serotonin is re- 
ported to be 330 nm (12), it was measured a t  325 nm since a quartz cell 
was used. Histamine was estimated by measuring the fluorophor derived 
from its reaction with o-phthalaldehyde8 (11,13) a t  450 nm. A UV-visi- 
ble-near IR ~pectrophotometer~ with fluorescence attachment was used 
for fluorescence measurements. 


Amino Acids-The amounts of glutamic acid and y-aminobutyric acid 
were estimated by spectrophotometriclo determination of their reaction 
products with ninhydrin5 (14) a t  570 nm. 


Cations-The amounts of sodium, potassium, and calcium ions were 
determined using an atomic absorption spectrophotometer" using 
emission mode. 


The estimations were carried out using the following lines: sodium, 
589.6 nm; potassium, 766.5 nm; and calcium, 422.7 nm. 


RESULTS AND DISCUSSION 


Liquid Membrane Formation-From the hydraulic permeability 
data at  various haloperidol concentrations (Fig. 2), it is obvious that the 
linear relationship is obeyed in all cases: 


J , = L A P  (Eq. 2) 
where J ,  represents the volume flux per unit area of the membrane, AP 
is the applied pressure difference, and L is the hydraulic conductivity 
coefficient. The values of L show (Table I) a progressive decrease as the 
haloperidol concentration is increased from 0 to its CMC value, i.e., 1.064 
X M. When the haloperidol concentration is increased further, the 
value of L also decreases, but much less than the decrease observed up 
to the CMC value of haloperidol. This trend is in keeping with Kesting's 


8 Sigma Chemical Co. 


lo Bausch and Lomb Spectronic-20. 
Varian Cary 17-D spectrophotometer. 


Perkin Elmer, model 306. 
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Figure %-Hydraulic permeability data. Curves I ,  II, III, IV ,  and Vare 
for 0,1.064 X 5.32 X 1.064 X 10-6, and 1.064 X 10W5 M ha- 
loperidol concentrations, respectiuely. 


liquid membrane hypothesis (6-8), where the surfactant concentration 
is increased, the supporting membrane gets progressively covered with 
the surfactant layer liquid membrane. Then, a t  the CMC, the supporting 
membrane is completely covered with the liquid membrane. The decrease 
in the value of L beyond the CMC of haloperidol, could possibly be due 
to densing of the liquid membrane (6). 


In light of the mosaic membrane model (15-17) analysis of the flow data 
(Fig. 2, Table I) supports the existence of the liquid membrane in series 
with the supporting membrane. At concentrations lower than the CMC, 
the supporting membrane is only partially covered with the liquid 
membrane. The equation for the volume flux of water for such a case can 
be written as: 


A" AS 
(Eq. 3) 


where A represents area of the membrane denoted by the superscripts, 
and superscripts c and s represent the bare supporting membrane and 
the supporting membrane covered with the liquid membrane, respec- 
tively. In the present case Lc represents the value of the hydraulic con- 
ductivity when no haloperidol was used, and Ls  represents the value of 
the hydraulic conductivity when the haloperidol concentration equals 
its CMC. At half the CMC, the fraction of the total area covered with the 
liquid membrane will be halved and, therefore, the value of L should be 
equal to ( L c  + Ls/2). Similarly, for 0.1 CMC of haloperidol, the value of 
L should equal (0.9 L c  + 0.1 L 3 ) .  The values of L were computed in this 
way, corresponding to the two haloperidol concentrations given in Table 
I. These values match the experimentally determined values well. 


Solute Permeability in  the Presence of Haloperidol-The value 
of w for endogenous amines, amino acids, and cations are given in Table 
11. To make sure that the supporting membrane of the transport cell was 
completely covered with the haloperidol liquid membrane, the concen- 
tration of haloperidol chosen for the present study was 4.256 X M, 
which is much higher than its critical micelle concentration. Haloperidol, 
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Table I-Values of L at Various Haloperidol Concentrations 


Haloperjdol Concentration X lo7, M 
1.064 5.320 10.64 


0 (0.1 CMC) (0.5 CMC) (CMC) 106.4 


La X 10S(m3/s N) 


L b  X los (m3/s N) 


2.804 
f 0.4368 
- 


2.095 
f 0.1273 


2.6035 
f 0.3996 


1.603 0.7993 0.7662 
f 0.2015 f 0.0692 f 0.0216 


1.8017 - - 
f 0.2510 


Experimental values. Calculated values on the basis of mosaic model (Eq. 3). 


being surface active, has both hydrophobic and hydrophilic parts in its 
structure. The orientation of its molecules will, therefore, be significant 
when it forms a liquid membrane. The hydrophobic ends of the halo- 
peridol molecules would be preferentially oriented toward the hydro- 
phobic supporting membrane and their hydrophilic ends will face out- 
wards, away from the supporting membrane. When haloperidol is in 
compartment C of the transport cell (first set of experiments) the halo- 
peridol liquid membrane will present a polar surface to the permeant 
present in the same compartment. In the second set of experiments, 
however, where haloperidol is in Compartment D of the transport cell 
and the aqueous solution of the permeant is in Compartment C, the ha- 
loperidol liquid membrane would present a hydrophobic surface to the 
permeant. Therefore, the orientation of haloperidol molecules with re- 
spect to approaching permeant would be different in the two sets of ex- 
periments. 


The values of w given in Table 11 indicate that when the hydrophobic 
surface of the haloperidol liquid membrane faces the approaching per- 
meant (second experiment), a marked decrease in their permeability is 
observed. The haloperidol liquid membrane, thus, offers resistance to 
the transport of these permeants in this specific orientation. This re- 
duction in the passive transport of biogenic amines, amino acids, and 
cations is likely to be accompanied by a reduction in their active trans- 
port. This occurs because the access of these permeants to the active 
carrier site of the biological membrane is likely to be effectively reduced 
due to the resistance of the haloperidol liquid membrane. The results also 
indicate that this specific orientation of haloperidol molecules with hy- 
drophobic ends facing the catecholamines and amino acids, would be 
necessary for the liquid membrane to resist the flow of these species. In 
the first set of experiments, where haloperidol orients its hydrophilic ends 
toward the catecholamines or amino acids, the permeability of these 
substances is increased in the presence of haloperidol. This indicates that 
the orientation of haloperidol with its hydrophobic ends facing the per- 
meants would be necessary even in biological cells. 


In cells, haloperidol reduces the permeability of catecholamines (2). 
Despite the fact that the present experiments were carried out using a 
cellulose acetate membrane, the results are similar to those observed in 
biological cells. This indicates that  the liquid membrane generated by 
haloperidol contributes to the resistance of the flow of catechol- 
amines. 


The haloperidol liquid membrane also resists the flow of glutamic acid 
and y-aminobutyric acid (Table 11). The antiemetic and antipsychotic 
actions of haloperidol are explained on the basis of reduced permeability 
of dopamine to biological cells, which is under the influence of the 
y-aminobutyric acid-glutamic acid system (2). To investigate whether 
a similar trend is observed on nonspecific membranes, the dopamine 
permeability was measured in the presence of y-aminobutyric acid. In- 
terestingly, the present set of experiments also indicates that the presence 


Table 11-Solute Permeability w of Endogenous Amines, Amino 
Acids, and Cations in Presence of 4.256 X M Haloperidol. 


w1a x 10’2 w2b x 10’2 w3c x 10’2 wqd x 1012 
moles/s N moles/s N mole& N molesh N 


Dopamine 887.3 680.0 2607.0 214.4 
Noradrenalin 75.8 65.9 294.3 
Adrenalin 50.7 undetectable 237.4 
Serotonin 193.7 94.5 348.1 
Histamine 48.8 109.1 318.8 
Glutamic acid 58.9 47.3 81.0 


Aminohutyric acid 119.8 86.6 152.2 
odium (chloride) 172.9 53.4 70.7 


157.1 101.3 Potassium (chloride) 175.5 
Calcium (chloride) 119.2 111.7 106.8 


partment D of the transport cell. 
transport cell. 


J-  ‘ 


wl: control value-when no haloperidol was used. up: haloperidol in Com- 
WQ: haloperidol in Compartment C of the 


wq: in the presence of y-aminobutyric acid and haloperidol. 


hydrophobic  


0 
- II _ _ _ - _ - - _ _ _ _ - _ _ _  


NH,-$H,-cH,-cH~~:-c-oH -.___-__--_____-‘ 


y-amirrobutyric acid 


\I 


haloperidol 


of y-aminobutyric acid increases resistance to the transport of dopamine 
through haloperidol liquid membrane (Table 11). This can be explained 
by a strengthening of the hydrophobic core of haloperidol liquid mem- 
brane by y-aniinobutyric acid, which is obvious from the similarity of 
the hydrophobic components of their structures. 
I t  is tempting to suggest that  increased passive resistance to the flow of 
dopamine in the presence of y-aminobutyric acid, coupled with the re- 
sistance to the flow of glutamic acid by the haloperidol liquid membrane, 
is likely to contribute to the mechanism of action of haloperidol. 


It was reported (18) that haloperidol is considerably more potent on 
a milligram basis than chlorpromazine in uiuo. The formation of liquid 
membrane phenomena might explain this. Because haloperidol exhibits 
greater surface activity than chlorpromazine (1,2), the former will form 
liquid membranes a t  a lesser concentration, making it pharmacologically 
effective even a t  a comparatively lower concentration. 


The present study shows that haloperidol reduces the permeability 
of serotonin (Table 11). This agrees with the observations reported on 
biological cells (19). The extrapyramidal effects of antipsychotic drugs 
like haloperidol reportedly are resistant to levodopa therapy (20). Since 
reduced concentration of serotonin in cerebrospinal fluid has also been 
linked with a defect of extrapyramidal function (21, 22), the reduced 
permeability of serotonin in the presence of antipsychotic drugs like 
haloperidol offers a clue to the causation of extrapyramidal symp- 
toms. 


The observation of increased permeability of histamine in the presence 
of haloperidol, and its biological implication, if any, remains to be ex- 
plained. 


The resistance offered by haloperidol liquid membrane to the flow of 
sodium, potassium, and calcium cations is probably due to hydrophilicity 
of the ions. Unlike the observation in the case of endogeneous amines and 
amino acids, even when the hydrophilic ends of haloperidol are facing 
the approaching cations, the permeability of these ions is reduced (Table 
11). This may be because the ions are more hydrophilic and experience 
more resistance to their flow. This observation may have some biological 
implications relative to nerve conduction. 
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Abs t rac t  Plasma levels of promethazine were determined using a 
high-pressure liquid chromatographic procedure incorporating a fixed 
wavelength (254 nm) UV detector, following single 50-mg intravenous, 
intramuscular, and oral doses to two male dogs. Initial plasma pro- 
methazine concentrations following intravenous doses were 556 and 535 
ng/ml in the two dogs. The subsequent decline in drug levels were satis- 
factorily described by a triexponential function. Peak promethazine levels 
of 76 and 64 ng/ml were obtained 0.5 hr following intramuscular doses. 
Peak levels for the oral doses were 10.6 and 11.0 ng/ml occurring 2 hr after 
dosing. The apparent biological half-life of promethazine, obtained from 
only 2-3 data points, varied from 8.5 to 27.7 hr. Areas under the pro- 
methazine plasma curves, compared to values obtained from intravenous 
doses between 0 and 24 hr, indicated that systemic availability of intact 
drug was 55-734 following intramuscular injection and 8.3-9.5% following 
oral administration. 


Keyphrases 0 High-pressure liquid chromatography-determination 
of promethazine plasma levels after oral, intramuscular, and intravenous 
dosage, dogs 0 Promethazine-high-pressure liquid chromatographic 
determination of plasma levels after oral, intramuscular, and intravenous 
dosage, dogs 0 Pharmacokinetics-high-pressure liquid chromatographic 
determination of promethazine plasma levels after oral, intramuscular, 
and intravenous dosage, dogs 


~~ 


Promethazine has been used extensively for the control 
of allergy and as a sedative and antiemetic; however, little 
information is available on its bioavailability from oral 
dosage forms or on its pharmacokinetics. This has been due 
to the absence of suitable methods for determining pro- 
methazine in body fluids. 


Gas chromatographic procedures have been used to 
measure promethazine (1,2)  and other phenothiazines (3, 
41, but these methods lack sensitivity and require extensive 
sample preparation before chromatography. Studies in this 
laboratory showed that unless promethazine is separated 
from its various metabolites prior to gas chromatography, 


spurious results may result from on-column reduction of 
oxidized metabolites to the parent compound (5). 


High-pressure liquid chromatographic (HPLC) proce- 
dures for promethazine have been reported recently (6-8). 
Two of the procedures (6,7) require either large samples 
or prior derivatization, while the other (8) requires the use 
of electrochemical detection. The lack of assays suitable 
for routine use is the major cause for the scarcity of infor- 
mation on the pharmacokinetics of promethazine in ani- 
mals (2,9) and humans ( 1 , l O )  in the literature. 


The use of a specific and sensitive HPLC assay to mea- 
sure plasma promethazine levels following single oral, in- 
tramuscular, and intravenous doses to male dogs is de- 
scribed. Preliminary details of the liquid chromatographic 
procedure and comparisons with a gas chromatographic 
assay have been described elsewhere (5). 


EXPERIMENTAL 
Assay for Promethazine in Plasma-To 2 ml of plasma were added 


200 pl of a 0.56-pg/ml aqueous solution of chlorpromazine hydrochloride 
(equivalent to 0.5 pg/ml of chlorpromazine) as internal standard, 0.5 ml 
of 1.0 N sodium hydroxide, and 8 ml of methylene chloride. After shaking 
for 15 min at  low speed on a horizontal shaker and centrifuging at 3OOOXg 
for 5 min, the upper aqueous phase was discarded by aspiration. The  
organic phase was transferred to a clean tube and evaporated to dryness 
under nitrogen at  room temperature. The tube was rinsed with 1 ml of 
methylene chloride and was again evaporated to dryness. The residue 
was reconstituted in 60 pl of the chromatographic mobile phase by vor- 
texing, centrifuged a t  3000Xg for 1 min, and 20 pl of the supernate was 
injected into the chromatograph. 


The  HPLC consisted of a solvent pump’; a fixed-volume (20 pl) in- 
jection valve2; a 10-pm particle size, reversed-phase octadecyl column:’ 


Model 110, Altex Scientific, Berkeley, Calif. 
P Rheodvne sample injector. 
,3 Lichrosorb C-18 reversed-phase column, Altex Scientific, Berkeley. Calif. 
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Abstract A method is described for the determination of meperidine 
and its pharmacologically active metabolite, normeperidine, in blood, 
plasma, and urine using gas chromatography with nitrogen-phosphorus 
detection. Structural analogs of both meperidine and normeperidine were 
used as internal standards. Unlike previously reported assays, this pro- 
cedure was sensitive and convenient enough for use in pharmacokinetic 
studies of both meperidine and normeperidine following single doses of 
meperidine. The assay was sensitive to 5 ng of meperidine/ml and 2.5 ng 
of normeperidine/ml extracted from a 1-ml biological sample. The be- 
tween-assay coefficients of variation a t  these concentrations were 9.4 and 
10.4%, respectively. 


Keyphrases Meperidine-gas chromatographic analysis in blood 
Normeperidine-gas chromatographic analysis in blood after single dose 
of meperidine 0 Gas chromatography-analysis of meperidine and 
normeperidine in blood Analgesirr-meperidine, gas chromatographic 
analysis in blood 


Normeperidine (I), the N-demethylated metabolite of 
the analgesic drug meperidine (II), is pharmacologically 
active (1) and may cause seizures in humans (2). Therefore, 
blood levels of I should be determined when delineating 
the side effects and drug interactions that occur with 11. 
To carry out such studies after single doses of 11, a sensitive 
and specific gas chromatographic (GC) assay for I and I1 
in biological fluids was developed. The assay allows mea- 
surement of I1 up to 24 hr and I up to 48 hr after a single 
dose of 11. 


Previously published methods with adequate sensitivity 
for the measurement of I in plasma after a single dose have 
involved GC-mass spectrometry with selected ion moni- 
toring (3, 4), radioimmunoassay (5), or GC using elec- 
tron-capture detection (6). GC methods with flame-ion- 
ization detection (7-10) may be satisfactory for deter- 
mining therapeutic concentrations of 11, but have marginal 


I II 


111 IV 


sensitivity for the determination of plasma I concentra- 
tions (7-9) following single doses of the parent drug. 


This report describes the GC determination of I and I1 
using a nitrogen-phosphorus detector, which is highly 
selective toward nitrogen-containing compounds such as 
I1 and its derivatives. The assay is significantly faster and 
more convenient than previously reported GC methods, 
and is applicable to whole blood, plasma, or urine. 


EXPERIMENTAL 


Materials-Meperidine hydrochloride and normeperidine hydro- 
chloride were obtained’. Heptafluorobutyric anhydride and sodium cy- 
anoborohydride were obtained commercially*. Normeperidinic acid n-  
propyl ester (111) was synthesized by a previous method (6). N-ethyl- 
normeperidine (IV) was synthesized as will be described. All other 
chemicals and solvents were analytical reagent grade. 


Synthesis of N-Ethylnormeperidine Hydrochloride-Sodium 
cyanoborohydride (100 mg) was added to a solution of normeperidine 
hydrochloride (250 mg) and acetaldehyde (0.5 ml) in 50 ml of 5Wo aqueous 


Kindly supplied by Sterling-Winthrop Research Institute, Rensselaer, N.Y. * Aldrirh Chemical Co., Milwaukee, Wis. 
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Figure I--1'hromatograms of extracts containing normeperidine ( I )  
and meperidine (11). Key: A ,  plasma containing 28 ng o f l l l m l ;  B ,  urine 
samplr containing 108 and 1300 n g f m l  of11 and I ,  respectiue1.y; and C ,  
plasma containing 10 ng n f l lml .  GC conditions are described i n  the text; 
and  1 = 11; 2 = IV:  3 = I ;  4 = I l l ;  5 = heptafluorohutyryl derivative of 
I; and f i  = hrptaf~uorobutyr.v/ deriuatiue of I l l .  
ethanol. The solution was stirred and the pH was maintained a t  6-7 by 
the dropwise addition of aqueous sodium acetate. After 2 hr, the pH was 
adjusted t.o 2 by the addition of concentrated hydrochloric acid. This 
procedure was done in a fume hood because hydrogen cyanide is 
evolved. 


The solut.ion was extracted twice with 20-ml portions of methylene 
chloride. The extracts were discarded and the aqueous phase was brought 
to pH 12 with aqueous sodium hydroxide. The basic aqueous phase was 
extracted twice with 20-ml portions of methylene chloride, and the 
combined extracts were dried over anhydrous potassium carbonate and 
then evaporated under reduced pressure. The oily residue was dissolved 
in 3 ml of absolute ethanol, acidified to pH 2 with concentrated hydro- 
chloric acid. and then diluted with 25 ml of anhydrous ether, added in 
portions with stirring and scratching with a glass rod. The product slowly 
crystallized and was collected by filtration and air dried. A white crys- 
talline powder (57 mg) was obtained, mp 170.5-172" [lit. (11) mp 171 "1. 
GC analysis indicated a purity of >99.5%. 


Instrumentation-GC analyses were performed using an instrument? 
equipped with dual nitrogen-phosphorus detectors. The nitrogen (carrier 
gas), air, and hydrogen flow rates were 30,50, and 5 m l h i n ,  respectively. 
Columns used for I1 analyses or for simultaneous I1 and underivatized 
I analyses (urine) were 1.8 m X 2-mm i.d. glass. The columns were con- 
figured for on-column injection, packed with 2% polyethylene glycol and 
2% potassium hydroxide on 100-120 mesh chromatographic diatoma- 
ceous earth4, and operated at  190° for determination of 11 in blood and 
205" for simult.aneous determination of I and I1 in urine. Columns used 
for derivatized I analyses were 1.8 X 2-mm i.d. glass, packed with 3% 
methyl silicone liquid phase on 100-120 mesh base-deactivated chro- 
matographic diatomaceous earth5 operated a t  205". 


The injection port and detector temperatures were 250 and 300", re- 
spectively. A strip-chart recorder6 was used for recording chromatograms. 


:j Model ,571 I A ,  Hewlett-Packard, Aviindale, Pa. 
Carhowas. 20 M potassium hydroxide on Gas Chrom P, Applied Science Lab- 


oratories, State College, Pa. 
5 SP21UO 1)H, Supelai, Bellefonte. Pa. 


Model 9176. Varian Co., Sunnyvale, Calif. 
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Figure 2-Chromatograms of extracts of drug-free plasma and urine 
specimens. Key: A ,  plasma extracted for I I ;  B ,  urine extracted for both 
I and II;  and C, plasma extracted for I and deriuatited with hepta f lu-  
orohutyric anhydride. 


All extractions were carried out by agitating for 3 min on a multiple-tube 
vortex mixer7; an analytical evaporators was used for evaporating solvent 
from extracts with a nitrogen stream. 


Assay Procedure-A flow diagram of the extraction procedure is 
shown in Scheme I. To 1-ml samples of whole blood, plasma, or urine 
contained in 13-mm X 100-mm culture tubes were added 100-jil aliquots 
of an aqueous solution of the internal standards, 111 (for normeperidine) 
and IV (for meperidine). Methanolic 2 N potassium hydroxide (0.5 ml) 
was added, and the samples were extracted with 3 ml of toluene. 


After centrifuging for 5 min, the aqueous layers were frozen by placing 
the tubes in a dry ice-acetone bath, and the toluene layers were poured 
into culture tubes containing 0.5 ml of 0.2 N sulfuric acid. The tubes were 
vortexed for 3 min and then centrifuged. The aqueous layers were frozen, 
the toluene layers discarded, and the aqueous acid layers were allowed 
to  thaw. Aqueous 2 N potassium hydroxide (1 ml) was added, and the 
samples were extracted with 2 ml of toluene and then centrifuged. 


At this stage, if the concentrations of I and I1 were expected to be high 
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Table I-Day-to-Day Variations of Identical Plasma S a m d e s  


MeDeridine (11) I Normeperidine (I) 


Concentration given, ng/ml 5 10 20 50 
Concentration found, mean ng/ml 4.9 10.2 20.1 49.6 
Standard deviation, ng/ml 0.5 0.8 1.3 3.0 
Coefficient of variation, % 9.4 8.2 6.4. 6.1 


I f  


1 
0 8 16 24 


HOURS 


Figure 3-Blood I I  (m) and I ( 0 )  concentrations following adminis- 
tration of 50 mg iu of I I ;  blood I I  ( 0 )  and I ( 0 )  concentrations following 
administration of 100 mg PO of I I  in a human subject. 


(e.g., as in urine), the toluene extracts were analyzed by GC for both I and 
11. The retention times were 2.30,2.75,4.00, and 4.95 min for 11, IV, I, and 
111, respectively. The extraction recoveries of I and I1 from urine averaged 
70 and 73%, respectively, over the concentration range of 1-20 pg/ml. 


The toluene extracts from blood or plasma were back-extracted with 
0.5 ml of 0.2 N sulfuric acid. The sulfuric acid layers were made basic with 
1 ml of 2 N aqueous potassium hydroxide and extracted with 0.5 ml of 
toluene. The toluene layers were transferred to vials containing anhy- 
drous potassium carbonate (-40 mg) to dry the solvent. Aliquots (2-4 
p1) of the toluene extracts were injected into the chromatograph for 
analysis of 11. Examples of chromatograms from plasma extracts are 
presented in Fig. 1. The retention times of I1 and the internal standard 
(IV) were 3.30 and 3.85 min, respectively. Extraction recovery from blood 
over 5-200 ng/ml averaged 67%. 


Heptafluorobutyric anhydride (10 pl) was added to the remaining 
toluene extracts. The tubes were capped and heated a t  60' for 15 min on 
a heating block to derivatize I and its internal standard. After cooling to 
room temperature, 2 ml of 2 N sodium hydroxide was added and the tubes 
were vortexed for 5 min to destroy excess heptafluorohutyric anhydride. 
Following centrifugation, the toluene layers were transferred to clean 
tubes containing 1 ml of 0.2 N sulfuric acid. 


After extraction for 1 min and centrifugation, the toluene layers were 
transferred to small vials and evaporated to dryness under a nitrogen 
stream. Butyl acetate (50 pl) was added to reconstitute the samples, and 
2-6 pl was injected into the chromatograph for analysis of I (Fig. 1). 


The retention times for the heptafluorobutyryl derivatives of I and 111 
were 2.48 and 3.05 min, respectively. Extraction recoveries from blood 
averaged 66% over 2.5-100 ng/ml. Chromatograms of blank plasma and 
urine extracts (Fig. 2) were free from interfering peaks under the ex- 
traction conditions employed. The detection limit for each substance was 
-1 ng/ml for 1-ml plasma samples. 


Standard Curves-Standards were prepared by spiking drug-free 
blood, plasma, or urine samples with known amounts of drug and internal 
standard. Standards with a t  least four different concentrations over the 
expected range were run with each batch of samples and used to construct 


20 50 100 100.0 200 2.5 5 10 
100.0 202.4 2.3 5.0 10.4 20.8 50.0 98.8 


6.0 9.6 0.2 0.4 0.5 0.8 1.1 1.9 
6.0 4.7 10.4 8.4 5.2 4.0 3.9 1.9 


standard curves. The amounts of IV added were 2.5 pg for urine and 50 
ng for blood or plasma; the amounts of 111 were 1 pg for urine and 25 ng 
for blood or plasma. Regression equations relating peak height ratios of 
standards to their concentrations were used to determine concentrations 
of I and 11. The regression lines were linear over all concentrations studied 
(0-200 ng/ml for blood, and 0-20 pg/ml for urine) and passed through 
the origin. 


Analytical Variables-Between-run precision was determined by 
analyzing identical plasma standards with six consecutive runs. Coeffi- 
cients of variation for six concentrations representative of the therapeutic 
ranges found in plasma are presented in Table I. 


Pharmacokinetic Study in a Human Subject-A healthy male 
volunteer, age 38 and weight 72 kg, was given 50 mg iv of meperidine 
hydrochloride over 1 min. One week later, the same subject was given 100 
mg PO of meperidine hydrochloride in solution. Twelve blood samples 
were collected over the 24 hr following drug administration and plasma 
separated for analysis of I and I1 (Fig. 3). 


RESULTS AND DISCUSSION 


Losses of basic drugs due to adsorption on glassware and/or GC col- 
umns may be variable and reduce the precision of an assay if the internal 
standard is not chemically similar to the drug being measured. Therefore, 
an internal standard that is a structural analog of I1 was used. Sharp peaks 
and baseline separation of I1 and IV (the internal standard) were obtained 
on both polyethylene glycol-potassium hydroxide (Fig. 1) and base- 
deactivated methyl silicone columns. Good reproducibility was obtained 
even a t  concentrations as low as 5 ng/ml (Table I). Consequently, this 
assay can be used to measure plasma I1 concentrations for as long as 24 
hr after a single dose. 


The described procedure is suitable for the analysis of large numbers 
of samples and its sensitivity should greatly facilitate studies of the kinetic 
behavior of normeperidine in meperidine drug interactions and in pa- 
tients with disease states in which normeperidine kinetics may be altered 
(2). 
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Unusual Cholesterol Solubility in Water/Glyceryl- 
1 -monooctanoate Solutions 


Keyphrases 0 Cholesterol-unusual solubility in water/glyceryl-1- 
monooctanoate solutions Glyceryl-1-monooctanoate-aqueous solu- 
tions, unusual solubilities of cholesterol 0 Gallstones-cholesterol, sol- 
ubility in water/glyceryl-1-monooctanoate solutions 


To the Editor: 
Glyceryl-1-monooctanoate (monooctanoin) (I) has been 


recently used in humans for dissolution of cholesterol 
gallstones in the common bile duct (1, 2). The solvent is 
slowly infused into the bile duct for several days, usually 
uia a T-tube left in place following cholecystectomy. The 
high cholesterol solubility in I, 11.7% (w/v) a t  37", was 
reported in a systematic study of cholesterol solubility in 
organic solvents by Flynn et al. (3). Optimum cholesterol 
solubility appeared to occur when the solvent (n-alkanols 
or fatty acid ethyl esters) had a total carbon chain length 
of about seven atoms. 


The present study was initiated to determine if choles- 
terol was involved in formation of liquid crystalline phases 
in aqueous I solutions. Larsson found that highly purified 
I and water formed a lamellar liquid crystalline phase at 
37' when the water content was between 8 and 45% (4). 
Such equilibria could be important in gallstone dissolution 
since I would be in contact with bile during the infusion 
procedure and with moisture during handling. But when 
water/I mixtures were prepared with the same type of I 
used in the reported gallstone dissolution studied, only 
isotropic phases were observed by polarizing microscopy2. 
This apparent discrepancy is thought to be caused by the 
presence of about 30% of the corresponding diglyceride in 
the commercial material (1,5). Diglycerides or triglycerides 


' Capmul8210, Capitol City Products, Columbus, Ohio. 
Zetopan, Reichert, Vienna, Austria. 


are more hydrophobic and do not form lyotropic meso- 
phases (4). The solubility of water in the commercial 
sample of I was determined visually to be -18-20% (w/w) 
a t  37". An exact value is not meaningful, since each batch 
will vary somewhat in its fatty acid distribution and di- 
glyceride content. Above this concentration simple 
emulsions were formed rather than liquid crystalline 
phases. 


Cholesterol is known to crystallize in anhydrous and 
monohydrate forms (6) and the anhydrous form is -50% 
more soluble in aqueous bile salt solutions (7). Since either 
of these crystalline forms could possibly exist in aqueous 
I solutions, the cholesterol solubility in such solvent mix- 
tures was determined (Fig. 1). Suspensions of anhydrous 
cholesterol3 or cholesterol monohydrate (recrystallized 
from aqueous ethanol) were prepared in aqueous I solu- 
tions and equilibrated using a vibratory mixer4 in a con- 
stant-temperature bath. The suspensions at equilibrium 
were observed with the polarizing microscope and quickly 
filtered through 0.45 pm membranes5 which had been 
equilibrated at the test temperature. The two crystal forms 
were microscopically identified by their characteristic 
habits (6). The filtrates were analyzed for cholesterol by 
HPLC (8) with detection at 205 nm and for water content 
by Karl Fischer titrimetry6. 


Cholesterol solubility increased to a maximum and then 
decreased over the range of water concentration studied. 
The solubility was independent of the sampling time and 
crystal form initially present, indicating that equilibrium 
had been attained. An explanation cannot be offered for 
the higher solubility found in the present investigation 
compared to previous reports (3). 


Immediate microscopic inspection of the suspensions 
showed that at water concentrations below the apparent 


Sigma Chemical Co., St. Louis, Mo. 
Vibromixer El ,  Chemapec, Woodbury, N.Y. 
Millipore, Bedford, Mass. 
Auto-aquatrator, Precision Scientific, Chicago, Ill. 
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Figure 1-Solubility of cholesterol in aqueous Isolutions at 25,37, and 
45'. Key: Circles, initial solid phase was cholesterol monohydrate; 
squares, initial solid was anhydrous cholesterol; open symbols, 5 days; 
closed symbols, 7 days equilibration. 


solubility maxima, anhydrous cholesterol was present. 
Conversely, cholesterol monohydrate was present at water 
concentrations above the solubility maxima. In samples 
a t  37' with 5.2% water, both forms were simultaneously 
observed. The maxima at  25 and 45' were not directly 
observed and the profiles are indicated by dashed lines. 


When suspensions initially containing anhydrous cho- 
lesterol and about 5% water a t  37 or 45' were cooled to 
room temperature, cholesterol monohydrate crystallized. 
The conversion process took place slowly on the micro- 
scope slide for several days until the anhydrous crystals 
were completely eliminated. Suspensions containing 1-296 
water, however, remained as the anhydrous form when 
treated identically. 


The concentration units used in this study may be 
misleading. A concentration of 5% (w/w) water would 
correspond to -2.8 M and cholesterol concentrations of 
14-16% are 0.36-0.41 M. The mole fractions for a system 
containing 5% water and 16% cholesterol are 0.44 and 0.07, 
respectively. The comparisons show that on a mole fraction 
basis the systems contain more water than indicated by 
simple concentration units. 


The progression of the apparent maxima to higher water 
concentrations with increasing temperature (Fig. 1) is re- 
lated to the heats of solution of the two crystalline forms. 


The m i n h  = 2.8 kcal/mole for the anhydrous form was 
estimated from the average of the slopes of In (solubility) 
uersus T-l plots at water concentrations of 0 (extrapo- 
lated), 1.0, and 3.0% according to the van't Hoff relation- 
ship. For cholesterol monohydrate = 4.1 kcal/mole 
was estimated from the data a t  9% water. The difference 
in these values represents the enthalpy of hydration of the 
crystalline anhydrous form to the monohydrate in aqueous 
I: 


anhydrous + HzO + hydrate, AH = -1.3 kcal/mole 


This value is consistent with literature data for enthal- 
pies of hydration which range from 1-4 kcal/mole for 
monohydrates (9-11). Therefore, the solubility of the 
monohydrate is more sensitive to temperature than is that 
of the anhydrous form. 


The maximum cholesterol concentration occurs at the 
unique point a t  which the solubilities of the two forms are 
equal. As temperature increases, more added water is 
necessary to compensate for the greater effect of temper- 
ature on the monohydrate solubility. In this way the sol- 
ubility maxima occur at higher water concentrations as 
temperature increases. This process is illustrated by a 
suspension of the two forms at  25' (solubility = 13.4%, 
water -3.5%) that is warmed to 37'. If excess solid is 
present and the forms behave independently, the solubility 
of the monohydrate should increase to 17.5%, the anhy- 
drous form would increase to 16.170, and the concentration 
of water would be slightly higher. Dissolution of the 
monohydrate causes the cholesterol concentration to be 
above the solubility of the anhydrous form and crystalli- 
zation occurs. This process continues until the solid 
monohydrate is exhausted and the system is a suspension 
of anhydrous cholesterol. Addition of water to the anhy- 
drous cholesterol suspension would cause solubility to 
increase slightly until the water causes crystallization of 
the monohydrate. The system would then be at  the solu- 
bility maximum at 37'. Conversely, cooling of a suspension 
of both forms from 37 to 25" would result in a suspension 
containing only cholesterol monohydrate. 


Igimi and Carey (7) reported solubility-temperature 
data for the two forms of cholesterol in aqueous sodium 
chenodeoxycholate solutions. From van't Hoff plots of 
these data, N i n h  (0.71 kcal/mole), &fLydr (1.04 kcal/ 
mole), and a difference (heat of hydration) of -0.33 kcal/ 
mole were calculated. The poor agreement between the 
data in water/I and chenodeoxycholate solutions can not 
be explained at  present, although the enthalpies for the 
bile salt solutions appear to be unusually low. 


These preliminary data show that the maxima of cho- 
lesterol solubility in aqueous I solutions and its tempera- 
ture dependence are due to the thermodynamics of inter- 
conversion of anhydrous and monohydrate crystalline 
forms. However, the reason for the increase in solubility 
of anhydrous cholesterol by small amounts of added water 
is not known. Addition of water to solutions containing 
cholesterol generally would be expected to decrease solu- 
bility. Further studies are in progress to investigate this 
behavior and determine the effect of water on dissolution 
rates of cholesterol and gallstones in aqueous I solu- 
tions. 
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Noncompartmental Determination of the 
Steady-State Volume of Distribution for 
Any Mode of Administration 


Keyphrases Pharmacokinetics-noncompartmental determination 
of the steady-state volume of distribution for any mode of administration 


Volume of distribution-steady-state, noncompartmental determi- 
nation for any mode of administration 


To the  Editor 
The analysis of concentration-time data by phar- 


macokinetic methods traditionally involves the use of 
compartmental models. The interpretation of this analysis, 
represented by a linear equation in the form of a sum of 
coefficient and exponential terms, provides useful insight 
into drug disposition. In recent years, however, there has 
been a move away from the traditional approach to an al- 
ternative method referred to as model-independent data 
analysis. There are reasons to recommend the latter ap- 
proach; there is no need to ascribe the data to a specific 
model, and as a result it is not necessary to have a sophis- 
ticated computer and nonlinear regression programs 
available. The model-independent approach assumes only 
that all dispositional processes may be described by first- 
order kinetics with elimination occurring from the rapidly 
equilibrating or central compartment. This approach may 
also be termed an area analysis, since the useful parameters 
of clearance and volumes of distribution (V,, and Vp or 
V,,,,) are based on determination of the total area under 
the plasma concentration-time curve (AUC) and total area 
under the first moment of the plasma concentration-time 
curve (AUMC).  The areas generally are determined using 
the linear or logarithmic trapezoidal rule and extrapolation 
techniques. The elimination rate constant and half-life are 
determined from linear regression of the terminal (i.e., 
post-absorption, post-distribution) concentration-time 
data. 


Benet and Galeazzi (1) applied techniques of tracer ki- 


netics, and used moment analysis (2,3) to obtain the vol- 
ume of distribution at  steady state, V,,, following an in- 
travenous bolus injection. The purpose of this communi- 
cation is to extend their analysis to permit calculation of 
V,, for any mode of administration. 


The mean transit time for a drug in the body, t b ,  is a 
function of the mean transit time for the response to the 
input (in), usually measured as plasma Concentration, 
tb+in,  and the mean transit time of the input, ti, (4): 


tb = tb+in - tin (Eq. 1) 


Mean transit or residence time for the response to the 
input, i.e., plasma concentration, is given by: 


- -  - 


tb+in = im tC d t l  s,” C dt = AUMCIAUC (Eq. 2) 


while the mean transit time for the input is given by (5): 


tin = J- X dtldose (Eq. 3) 


where dose is the dose administered, and J tX  d t  is the 
total area under the amount versus time curve for the 
input. For example, if a drug is administered as a zero- 
order infusion: 


X = dose - kot (Eq. 4) 


In Eq. 4, X is the amount remaining to be infused at  time 
t ,  and ko is the zero-order infusion rate. Administration 
by a first-order process (e.g., extravascular administration) 
results in the following expression for X ,  the amount re- 
maining to be administered: 


X = F dose e-k4t (Eq. 5) 


where k ,  is an apparent first-order rate constant, and F 
is the fraction of the administered dose ultimately reaching 
the systemic circulation. Integration of Eqs. 4 and 5 
yields: 


A T X  dt  = koT2/2 (Eq. 6) 


and 


im X dt  = F doselk, (Eq. 7) 


respectively. In Eq. 6, T is the duration of the infusion and 
is the upper limit of the integral, i .e. ,  T is equivalent to 
infinity. 


Substitution for t b + i n  and tin, according to Eqs. 2 and 
3, respectively, in Eq. 1 gives the following expression for 
drug transit time in the body: 


ib = AIIMClAlJC - J- X dtldose (Eq. 8) 


Since V,, is equal to the product of clearance (doselAUC) 
and transit time (I), that is: 


dose - 
AUC t b  


v,, = - 


Equations 8 and 9 can be readily used to calculate V,, 
following any mode of administration. Where there is a 
single mode of administration, Eqs. 8 and 9 can be readily 
solved for VSs. For the case where drug is administered as 
a single bolus, J t X  d t  = 0,  


A UMC 


This is the same equation as derived by Benet and Galeazzi 
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Abs t rac t  Plasma levels of promethazine were determined using a 
high-pressure liquid chromatographic procedure incorporating a fixed 
wavelength (254 nm) UV detector, following single 50-mg intravenous, 
intramuscular, and oral doses to two male dogs. Initial plasma pro- 
methazine concentrations following intravenous doses were 556 and 535 
ng/ml in the two dogs. The subsequent decline in drug levels were satis- 
factorily described by a triexponential function. Peak promethazine levels 
of 76 and 64 ng/ml were obtained 0.5 hr following intramuscular doses. 
Peak levels for the oral doses were 10.6 and 11.0 ng/ml occurring 2 hr after 
dosing. The apparent biological half-life of promethazine, obtained from 
only 2-3 data points, varied from 8.5 to 27.7 hr. Areas under the pro- 
methazine plasma curves, compared to values obtained from intravenous 
doses between 0 and 24 hr, indicated that systemic availability of intact 
drug was 55-734 following intramuscular injection and 8.3-9.5% following 
oral administration. 


Keyphrases 0 High-pressure liquid chromatography-determination 
of promethazine plasma levels after oral, intramuscular, and intravenous 
dosage, dogs 0 Promethazine-high-pressure liquid chromatographic 
determination of plasma levels after oral, intramuscular, and intravenous 
dosage, dogs 0 Pharmacokinetics-high-pressure liquid chromatographic 
determination of promethazine plasma levels after oral, intramuscular, 
and intravenous dosage, dogs 


~~ 


Promethazine has been used extensively for the control 
of allergy and as a sedative and antiemetic; however, little 
information is available on its bioavailability from oral 
dosage forms or on its pharmacokinetics. This has been due 
to the absence of suitable methods for determining pro- 
methazine in body fluids. 


Gas chromatographic procedures have been used to 
measure promethazine (1,2)  and other phenothiazines (3, 
41, but these methods lack sensitivity and require extensive 
sample preparation before chromatography. Studies in this 
laboratory showed that unless promethazine is separated 
from its various metabolites prior to gas chromatography, 


spurious results may result from on-column reduction of 
oxidized metabolites to the parent compound (5). 


High-pressure liquid chromatographic (HPLC) proce- 
dures for promethazine have been reported recently (6-8). 
Two of the procedures (6,7) require either large samples 
or prior derivatization, while the other (8) requires the use 
of electrochemical detection. The lack of assays suitable 
for routine use is the major cause for the scarcity of infor- 
mation on the pharmacokinetics of promethazine in ani- 
mals (2,9) and humans ( 1 , l O )  in the literature. 


The use of a specific and sensitive HPLC assay to mea- 
sure plasma promethazine levels following single oral, in- 
tramuscular, and intravenous doses to male dogs is de- 
scribed. Preliminary details of the liquid chromatographic 
procedure and comparisons with a gas chromatographic 
assay have been described elsewhere (5). 


EXPERIMENTAL 
Assay for Promethazine in Plasma-To 2 ml of plasma were added 


200 pl of a 0.56-pg/ml aqueous solution of chlorpromazine hydrochloride 
(equivalent to 0.5 pg/ml of chlorpromazine) as internal standard, 0.5 ml 
of 1.0 N sodium hydroxide, and 8 ml of methylene chloride. After shaking 
for 15 min at  low speed on a horizontal shaker and centrifuging at 3OOOXg 
for 5 min, the upper aqueous phase was discarded by aspiration. The  
organic phase was transferred to a clean tube and evaporated to dryness 
under nitrogen at  room temperature. The tube was rinsed with 1 ml of 
methylene chloride and was again evaporated to dryness. The residue 
was reconstituted in 60 pl of the chromatographic mobile phase by vor- 
texing, centrifuged a t  3000Xg for 1 min, and 20 pl of the supernate was 
injected into the chromatograph. 


The  HPLC consisted of a solvent pump’; a fixed-volume (20 pl) in- 
jection valve2; a 10-pm particle size, reversed-phase octadecyl column:’ 


Model 110, Altex Scientific, Berkeley, Calif. 
P Rheodvne sample injector. 
,3 Lichrosorb C-18 reversed-phase column, Altex Scientific, Berkeley. Calif. 
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Figure 1-Chromatograms obtained from (A) plasma containing no 
drugs; (B) a plasma sample obtained 12 hr following intramuscular 
injection, containing 9.1 nglml promethazine (a) and 50 nglml chlor- 
promazine (b); and (C) a plasma sample obtained 2 hr following in- 
tramuscular injection, containing 60 nglml promethatine (a) and 50 
nglml chlorpromazine (b). 


(4.6 mm X 25 cm); a precolumn4; and a fixed wavelength (254 nm) de- 
tector5. Chromatograms were recorded on a chart recorder6 with 10-mV 
input and 20-cmlhr chart speed. The mobile phase consisted of 42% ac- 
etonitrile and 3% n-nonylamine in 0.02 M phosphate buffer, pH 2.5. The 
flow rate was 2 ml/min a t  a pump pressure of 2.0 x lo3 psi. 


Dog Study-Two 3-year-old, mixed-breed, beagle-type dogs weighing 
16 and 17 kg were fasted overnight before receiving 50-mg doses of pro- 
methazine orally7, and by intramuscular8 and intravenous8 injection on 
three separate occasions a t  least 1 week apart. (Doses were administered 
a t  8 am.) 


During each experiment the dog was placed in a restraining sling, de- 
signed so that the dog could stand or rest comfortably but could not 
displace indwelling catheters which were placed into leg veins. T o  fa- 
miliarize the dogs with this procedure, they were placed in the apparatus 
for 6 hr during each of the 3 days preceding the study. 


Tablet doses (2 X 25 mg) were placed on the back of the dogs' tongues, 
so that the tablets were not fractured or chewed before being swallowed. 
This was immediately followed by 50 ml of water administered uia an 
irrigating syringes. Intramuscular doses were administered in 1 ml of 
physiological saline into a hind-leg thigh muscle. Intravenous doses were 
administered in 1 ml of physiological saline into a hind-leg vein over a 
30-sec period. 


Following the oral dose, blood samples (7-8 ml) were taken immedi- 
ately before, a t  30 min, and a t  1,2,3,4,6,8,12, and 24 hr after dosing. An 


C0:PELL ODs, 30-38 m. Whatman Inc., Clifton, N.d. 
Model 153, Altex Scientific, Berkeley, Caljf. 


Phenergan, 25-mg tablets, Lot 1800131, Wyeth, Philadelphia, Pa. 
Promethazine Hydrochloride Injection, Lot 80B023,50 mg/ml, Geneva Gen- 


Pharmaseal Labs., Glendale, Calif. 


6 Model 023, Perkin-Elmer Instrument Division, Norwalk, Conn. 


erics, Bloomfield, Col. 
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1- 
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Figure 2-Promethazine plasma levels in Dog 1 (0) and Dog 2 (a) 
following a single 50-mg (A) intravenous, (B) intramuscular, or (C) oral 
dose. 


additional blood sample was drawn 15 min after the intramuscular dose, 
while additional samples were drawn a t  5,10, 15, and 45 min following 
the intravenous dose. During the initial 6-hr sampling period, blood 
samples were obtained uia a vein infusion setlo positioned in the front 
leg. The infusion set was kept patent by means of an intravenous drip (4 
dropslmin) of normal saline" containing 1 U/ml of sodium heparin". 
At each sampling time 2 ml of residual fluid were withdrawn from the 
infusion set before drawing a 7-8-ml blood sample into a clean syringe13. 
The sets were removed after 6 hr and the dogs were released from the 


lo Miniset, vein infusion set with winged adaptor, Travenol Laboratories, 


Sodium chloride 0.9% irrigating solution, USP, Travenol Laboratories, Deer- 


Panheprin, Lot 23795 AF, 1000 USP U ml-l, Ahbott Laboratories, North 


l3  B - D  10-cc syringe Luer Slip Tip, Becton, Dickinson and Co., Rutherford 


Deerfield, 111. 


field, Ill. 


Chicago, 111. 


N.J. 
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Table I-Day-to-Day Reproducibility of the  Assay for 
Promethazine in  Plasma" 


2 
0 
a + 
n 100- + z 
W 
0 z 
0 
0 


PROMETHAZINE PLASMA LEVELS DOG I 


Concentration 
in Plasma, ndml  


1 
2.5 
5 


10 
25 
50 
75 


100 
150 
200 
2 50 


Found, 
ng/ml 


1.1 
2.54 
5.21 


10.2 
24.7 
47.6 
71.8 


103.0 
149.6 
196.6 
252.3 


Recovery, 
% 


Coefficient of 
variation, '70 


110 
102 
104 
102 
99 
95 
96 


103 
100 
98 


101 


10.8 
8.4 
6.8 
5.7 
5.9 
5.3 
1.8 
2.1 
2.0 
4.5 
2.3 


n = 10 for all concentrations. 


Table 11-Retention Times of Various Phenothiazines 
~ 


Phenothiazine 
Compound 


Retention 
Time, min 


Promet hazine-5-sulfoxide 2.4 
Promethazine 4.5 
Promazine 4.5 
Chlorpromazine 7.2 
Triflupromazine 9.0 
Thioridazine 10.5 


apparatus. Subsequent blood samples were obtained in heparinized 
tubed4. The samples were drawn immediately, and before the blood came 
into contact with the rubber tube stoppers, they were replaced by cork 
stoppers wrapped in aluminum foil. Plasma was separated from blood 
by centrifugation and stored a t  -20' until assayed. All samples were 
assayed within 2 weeks of collection. 


Reagents-Human plasma for assay development was purchased15. 
Dog plasma for assay validation in this species was obtained from dogs 
in the School of Pharmacy animal care facility. Promethazine hydro- 
chlorideI6, promethazine-5-sulfoxide hydrochloride16, and chlorpro- 
rnazine hydr~chloride'~. of reference standard quality; acetonitrilela, 
methylene chIoridelH, toluene1g, potassium phosphate m o n o b a s i ~ ~ ~ ,  of 
analytical grade quality; and n-nonylamine (98%)'" and hexamethyl- 
disilazaneZ1, as supplied were used. All glassware was silanized with 5% 
hexamethyldisilazane in toluene prior to use. 


RESULTS 


Assay for Promethazine in Plasma-Typical chromatograms ob- 
tained from dog plasma containing no added compounds and from plasma 
containing promethazine and chlorpromazine (internal standard) are 
shown in Fig. 1. Retention times for promethazine and chlorpromazine 
were 4.5 and 7.0 min, respectively. Assay response was linear for pro- 
methazine concentrations between 1 and 250 ng/ml. The coefficient of 
variation in assay response was 1170 for a promethazine concentration 
of 1 ng/ml, and was 110% for all other concentrations. The linear re- 
gression of the promethazine-chlorpromazine peak height ratios against 
promethazine concentrations from repeated determinations was y = 0.013 + 0.053 s, r = 0.999, n = 100. The day-to-day reproducibility of the 
procedure, determined during the assay of actual plasma samples, is 
shown in Table I. The extraction efficiency for promethazine was 94.5 
f 5.6% (n = 5 ) .  Substituting dog plasma for human plasma did not affect 
the assay results. 


The use of n-nonylamine in the liquid chromatographic mobile phase 
has the effect of reducing compound retention time and improving the 
peak shape on chromatograms (11). This modification improves assay 
sensitivity. Promethazine-5-sulfoxide, a major metabolite of pro- 
m e t h a h e ,  has a retention time of 2.5 min under the chromatographic 
conditions used, and any peak resulting from the presence of this me- 
tabolite was obscured by endogenous plasma components (5). The re- 


l4 (ireen Stoppered Vacutainer, evacuated glass tubes coated with 143 li of so- 
dium heparin, Becton -Dickinson. Rutherford, N.J.  


li, American Red Cross. Madisnn. Wis. 
1'; Wyeth Laboratories. Inc., Philadelphia, Pa. 
17 Smith Kline & French Lahoratories, Philadelphia, Pa. 
I" Rurdick & ,Jackson, Muskegon. Mich. 
Is1 Fisher Scientific Co.. Fair Lawn, N..J. 


Aldrich Chemical Cn., Milwaukee, Wis. 
Pierce Chemical Cm, Rockford, Ill. 
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Figure 3-Promethazine plasma levels following (A)  single 50-mg in- 
travenous fo), intramuscular (A), and oral (0) doses to  Dog 1; and (B) 
single 50-mg intravenous (O) ,  intramuscular (A), and oral (M) doses 
t o  Dog 2. 


tention times of some phenothiazines in the system are shown in Table 
11. 


Pharmacokinetic Study in Dogs-Preliminary studies showed that 
the rubber stoppers, supplied with the evacuated glass tubes'j, reduce 
the apparent promethazine concentration by 25-30% compared with 
values obtained when aluminum-wrapped cork stoppers are used. Plas- 
ticizers in the rubber stoppers previously have been shown to displace 
chlorpromazine from plasma protein binding sites wit.h subsequent re- 
distribution of drug from plasma water int.0 erythrocytes (12). Although 
it has not been shown that a similar phenomenon occurs with pro- 
methazine, the good assay results obtained with the aluminum cork 
stoppers justified their use. 


The plasma promethazine profiles following single 50-mg oral, intra- 
muscular, and intravenous doses of promethazine (hydrochloride) are 
shown in Fig. 2. The profiles obtained from the three dosage routes are 
combined for each dog for comparison in Fig. 3. 


The promethazine plasma levels were similar in the two dogs. Con- 
centrations of 556 and 535 ng/ml were obtained 5 min after the intrave- 
nous doses. Plasma levels declined rapidly at  first and then more slowly 
to reach values of 3-4 ng/ml at  24 hr. The decline in plasma levels ap- 
peared to be triphasic in nature. Graphical analysis of the individual data 
sets in terms of a triexponential function gave rise to half-lives of 0.18, 
1.9, and 8.3 hr and 0.14,1.4, and 27.7 hr from the three exponents in Dogs 
1 and 2, respectively. The coefficients of determination [rz = (Sobs2 - 
Zdev2)/Zobs2] between observed and predicted promethazine plasma 
concentrations using the triexponential function were 0.9996 and 
0.9997. 
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Peak promethazine levels of 76 and 64 ng/ml were obtained a t  0.5 hr 
following the intramuscular doses; levels declined rapidly and then a t  
a slower rate after 8-12 hr. At 24 hr the levels from these were similar to 
those observed following intravenous injection. The terminal half-lives, 
which were calculated from 12- and 24-hr data points in one dog, and the 
8-24-hr data points in the other, were 8.5 and 11.6 hr. 


Two hours following the administration of oral doses, peak pro- 
methazine levels of 10.6 and 11.0 ng/ml were obtained. The subsequent 
decline in drug levels was again nonlinear, and the drug was barely de- 
tectable in plasma a t  24 hr. The later times of peak promethazine levels 
after oral doses, compared to intramuscular doses, indicates that ab- 
sorption is slower uia the oral route. 


The efficiency of drug absorption from intramuscular and oral doses 
can be calculated by comparison of areas under plasma curves resulting 
from the different doses. The trapezoidal areas under plasma curves for 
Dog 1 in a 24-hr period were 714,391, and 59 ng hr/ml following intra- 
venous, intramuscular, and oral doses, respectively. In Dog 2 the equiv- 
alent values were 650,472, and 62 ng hr/ml. Since the same dosage was 
given by each route, the absorption efficiency of unchanged promethazine 
can be obtained by direct comparison of area values. Thus, compared with 
intravenous values, drug bioavailability was 55 and 73% after intramus- 
cular doses, and after oral doses, 8.3 and 9.5%. 


DISCUSSION 


The assay for promethazine used in this study is suitable for routine 
laboratory use. Sample preparation is uncomplicated and compounds 
are measured using a fixed wavelength UV detector. The method is suf- 
ficiently sensitive and specific to monitor plasma promethazine levels 
in animals and humans during a 24-period following therapeutic doses 
(5). 


The reduction in plasma promethazine levels observed when rubber 
stoppers were used in blood collection tubes is similar to that reported 
previously for chlorpromazine (12). Failure to account for this may give 
rise to considerable assay error. The present data do not establish, how- 
ever, that the mechanism causing reduced promethazine levels is the same 
as that for chlorpromazine. As a result, protein-binding characteristics 
of promethazine and other phenothiazines under different situations are 
being examined. 


The plasma promethazine levels obtained in the two dogs show that 
the pharmacokinetics of promethazine are complex, and its disposition 
in the body cannot be described in terms of a simple one- or two-com- 
partment kinetic model. It cannot be determined from these data whether 
the apparent triphasic decline in plasma levels following intravenous 
doses is due to differential uptake of drug by deep and shallow tissue 
compartments or to concentration-dependent changes in drug binding 
to plasma proteins. 


Comparison of the areas under plasma curves from the three dosage 
routes indicates that the overall bioavailability of intact promethazine 
is reduced somewhat after intramuscular injection compared to intra- 
venous administration. This is not uncommon (13) and probably results 
from partial degradation of drug at  the intramuscular injection site and 


from slow release of some drug from the site a t  later, postsampling 
times. 


The marked reduction in promethazine plasma levels following oral 
doses, compared to intravenous and intramuscular doses, indicates in- 
efficient absorption by this dosage route. The degree of reduction is 
greater than that previously reported in rabbits (9), where systemic drug 
availability was calculated to be 5070, but appears to be similar to that 
reported in a single human volunteer following 12.5-mg intravenous and 
oral doses (14). 


Although extensive first-pass metabolism of oral promethazine has 
been inferred (10,14), the data currently available from this and previous 
studies is insufficient to determine the relative contributions of limited 
absorption and first-pass metabolism to the poor systemic availability 
of oral promethazine. 


As the availability of poorly absorbed drugs is likely to be more variable, 
and more easily influenced by other factors, than that of efficiently ab- 
sorbed compounds, the results obtained in this study confirm that pro- 
methazine is a compound with potential bioequivalence problems (15). 
The data presented here and elsewhere (10,141 indicate that the dog may 
be a suitable animal model for promethazine bioavailability studies. 
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Abstract  The whole blood pharmacokinetics of thiamine after in- 
travenous administration of thiamine hydrochloride (4,12, and 36 mg/kg) 
to rats anesthetized continuously with ether (inhalation) or urethan (1 
g/kg ip) were studied. Urinary excretion of thiamine after intravenous 
administration of thiamine hydrochloride to rats lightly anesthetized with 
ether was also investigated. At any particular dose, thiamine displayed 
apparent classical two-compartment model behavior in the time range 
studied. Under urethan anesthesia, thiamine displayed apparent dose- 
dependent kinetics as measured by the changes in the pharmacokinetic 
parameters, AUC, Vdtarea), t0.55, and total body clearance, C~TB, with dose. 
However, when ether anesthesia was used, thiamine displayed dose- 
independent pharmacokinetic behavior. These results suggest that care 
should be taken in the interpretation of pharmacokinetic data obtained 
in anesthetized animals, particularly when urethan anesthesia is used. 


Keyphrases Thiamine-whole blood and urinary pharmacokinetics 
after urethan and ether administration, rats 0 Urethan-effect on whole 
blood and urinary pharmacokinetics of thiamine Anesthetic 
agents-urethan and ether, effect on whole blood and urinary pharma- 
cokinetics of thiamine, rats 0 Pharmacokinetics-of thiamine, effect of 
urethan and ether administration to rats 


Obtaining reliable and accurate blood concentration 
versus time data is crucial in determining a drug’s true 
disposition in any animal species. To minimize pain and 
discomfort to laboratory animals and provide convenience 
to the researcher, experiments are often carried out under 
anesthesia. Reported are some observations on the ap- 
parent effects of urethan anesthesia on the pharmacoki- 
netics of thiamine in rats. 


Urethan is used as an anesthetic agent for laboratory 
and agricultural animals. Administered intraperitoneally, 
it produces a long-lasting narcosis and therefore is used 
primarily for prolonged, terminal experiments. As opposed 
to barbituates, urethan has a wide margin of safety and 
gives a more stable, longer anesthesia (1). Thiamine 
pharmacokinetics at a dose of 4 mg/kg iv in rats under 
urethan anesthesia were reported previously (2-4). The 
present study examined the dose-independent kinetics in 
unchanged thiamine urinary excretion and the pharma- 
cokinetics of thiamine in whole blood in lightly ether- 
anesthetized rats. The apparent dose dependency of thi- 
amine pharmacokinetics under urethan anesthesia was 
also studied. 


EXPERIMENTAL 


Materials and Methods-Male Sprague-Dawley rats1, 230-400 g, 
were used. Prior to intravenous thiamine hydrochloride2 administration 
via the dorsal penis vein (5) a t  three dose levels (4,12, and 36 mg/kg), the 
rats received either urethan or ether as the anesthetic agent. Urethan2 
was administered intraperitoneally as a 500-mg/ml solution at a dose of 
1.0 g/kg; however, some rats required additional urethan, the total not 
exceeding 2.0 g/kg, to induce continuous anesthesia during the experi- 
ment. Ethel3 was administered by inhalation using two different meth- 


’ ARS/S rague Dawley, Madison, Wis. * Sigma 8hemi;al Co., St. Louis, Mo. 
Mallinckrodt Chemical Works, St. Louis, Mo. 


ods. The first method, called light ether anesthesia, involved initially 
anesthetizing the animal sufficiently to permit the injection and removing 
the animal to a restraining cage for the remainder of the blood sampling 
phase. Ether was not administered a t  any other point in this experiment. 
The second method used, the “open technique” (6), involved continuous 
ether; i.e., after initially being anesthetized, the animal was kept un- 
conscious by a constant supply of ether vapors. Forced air was conducted 
over liquid ether to an open funnel maintained over the nose and mouth 
of the rat for the remainder of the experiment. Since hypothermia may 
accompany general anesthesia, each rat’s body temperature was moni- 
tored by a rectal thermistor probe and the animal was maintained a t  37 
f lo by means of a thermostatically-controlled, heated surgical table. 
After dosing with thiamine hydrochloride, a total of 10 100-pl blood 
samples were collected from the tail vein. Free thiamine (nonphosphor- 
ylated) in whole blood was determined as previously described (3). 


In rats where urinary thiamine was determined, light ether anesthesia 
was used. Subsequently, the rats were placed in metabolism cages. Urine 
was collected from the rats at set time intervals after dosing and the free 
thiamine in urine was determined by standard methods (7-10). The 
turnover of endogenous thiamine in urine, i.e., urinary excretion of thi- 
amine under conditions of normal dietary intake, was determined in rats 
over the 24-hr interval prior to intravenous administration of exogenous 
thiamine hydrochloride. In other words, the rats were placed in individual 
metabolism cages 24 hr prior to exogenous thiamine administration and 
urine collected during this period was assayed for thiamine. The amount 
of thiamine excreted in this 24-hr period for each animal was assumed 
to be the turnover of endogenous thiamine. 


Calculations-The time course of thiamine in blood displayed ap- 
parent two-compartment model behavior (Figs. 1-3). Individual rat blood 
concentration-time profiles were fit to Eq. 1 using two programs, a sim- 
plex optimization of the parameters4 (11,12), and the NONLIN program 
(13). 


CB = Ae-=‘ + Be-Ot (Eq. 1) 


where CB is the blood levels in pglml and A,  B,  a, and /3 are standard 
symbols used to describe classical two-compartment behavior. 


The significance of differences between mean pharmacokinetic pa- 
rameters for each dose was evaluated by a one-tailed t-test, single clas- 


0 100 200 
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Figure 1-Thiamine blood levels after trearment with thiamine hy- 
drochloride (4 mgllzg iu) in rats under urethan (0) and light ether an- 
esthesia f0). Concentration of thiamine is expressed as thiamine hy- 
drochloride in micrograms per milliliter. 


The program was developed by Dr. W. White, M. Mintun, and various students 
in the Department of Pharmaceutical Chemistry of the University of Kansas. 
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Table I-Effect of Anesthesia on the Pharmacokinetic Parameters  a fo r  Thiamine Disposition in  Rats  a f t e r  Administration of 
Thiamine Hydrochloride, 4 mg/kg iv 


Statistical 
Anesthetic Agent Significance 


Parameter Light Etherb Urethan‘ of Difference 


p: min-, 


? ~ ~ ~ ~ m i n / m l  
AUCIdose. minlmllk~ 


9.6 f 2.3 
3.38 f 0.60 
0.64 f 0.16 


0.0168 f 0.0016 
42.2 f 3.5 
271 f 48 


0.068 f 0.012 


10.3 & 1.5 
3.70 f 0.41 


0.469 f 0.094 
0,0190 f 0.0021 


41.1 f 4.4 
228 f 17 


0.057 f 0.004 


NSd 
NS 
NS 


Y 


Vd(area)r milkg 1220 f 180 1090 f 130 NS 
CLTB, m!/min/kg 17.5 f 4.1 18.9 f 1.6 NS 


a Biexponential parameters determined by fitting blood concentration uersus time data to Eq. 1 using simplex and NONLIN programs. 
Mean f SE from 11 animals. 


Mean f S E  from five animals. 
Not significantly different at p = 0.05. 


sification Model I ANOVA, and the Student-Newman-Keuls multiple 
comparison test (14). The exact test applied will be discussed. The pa- 
rameters calculated (Eqs. 2-5) and compared were area under the curve 
(AUC), volume of distribution [ Vd(area)], half-life of elimination from 
blood (t0.50), and total body clearance ( C ~ T B ) .  which were calculated from 
individual rat blood concentration-time profiles derived by fitting Eq. 
1 to the data and employing Eqs. 2-5 (15): 


AUCo-, = AICI -I- BIB (Eq. 2) 


t0.50 = 0.693Ip (Eq. 4) 


C ~ T B  = dose/AUCo-- (Es. 5) 


where AUCO,, is the area under the curve, zero time to infinity. 
For urine studies, the doses of thiamine on a milligram per kilogram 


basis were converted to absolute amounts by using the rat weight. The 
fraction of the exogenous thiamine dose excreted in the urine was de- 
termined by plotting the total amount of thiamine excreted in the 24-hr 
postdosing minus the amount of thiamine excreted from normal thiamine 
turnover, determined from the 24-hr predosing, uersus the dose admin- 
istered. A linear plot suggests apparent dose-independent elimination 
kinetics with the slope indicative of the fraction of dose excreted in the 
urine. Similarly, the fraction of dose excreted in the urine in any time 
interval may be determined. The terminal half-life for thiamine elimi- 
nation was determined from a plot of the logarithm of the amount of 
unchanged drug remaining to be excreted uersus time. Renal clearance 
was estimated by dividing the urinary excretion rate by the whole blood 
concentration a t  the midpoint of the urine collection period. 


RESULTS 


Figures 1,2, and 3 compare the mean blood thiamine concentrations 
after urethan and light ether anesthesia where thiamine hydrochloride 


0 100 200 
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Figure 2-Thiamine blood levels after treatment with thiamine hy- 
drochloride (12 mglkg iu) in rats under urethan (0) and light ether 
anesthesia (B). Concentration of thiamine is expressed as thiamine 
hydrochloride in micrograms per milliliter. 


was administered intravenously a t  4,12, and 36 mglkg, respectively. The 
curves drawn in Figs. 1-3 were generated by Eq. 1 using the mean phar- 
macokinetic parameters (Tables 1-111) obtained by averaging the pa- 
rameters determined by computer fitting individual animal blood thi- 
amine concentration uersus time data. 


Tables 1-111 compare the effects of various anesthetic agents on the 
pharmacokinetic behavior of thiamine. In addition to the use of light 
ether anesthesia as a control, continuous ether administration sustaining 
the rats’ unconsciousness throughout the entire sampling period (as was 
the case with the urethan anesthesia) was used for further comparison 
a t  the 36-mg/kg dose. Included in Tables 1-111 are the parameters A ,  a,  
B ,  p, and the calculated model-dependent parameters, Vd(area) and t0.50, 
as well as the model-independent parameters, AUCo-- and C ~ T B .  


Analyses by an unpaired Student t test of these pharmacokinetic pa- 
rameters indicated no significant differences between the mean param- 
eters for light ether and urethan anesthesia after intravenous treatment 
with 4 mg of thiamine hydrochloride/kg. At a dose of 12 mg of thiamine 
hydrochloridelkg, analyses of pharmacokinetic parameters for light ether 
and urethan anesthesia by a Student t test indicated highly significant 
differences between mean AUCo f m  ( p  < 0.0051, t0.50 ( p  < 0.11, and C ~ T B  
(p  < 0.005), but no significant difference between the mean volumes of 
distribution. 


At a dose of 36 mg of thiamine hydrochloridelkg, the pharmacokinetic 
parameters for urethan anesthesia were compared with both modes of 
ether anesthesia, light ether (ether administered only initially), and ether 
administered continuously. Analyses of variance indicated highly sig- 
nificant differences between mean AUCO-, ( p  << 0.001), t0.50 ( p  << 
0.001), and C ~ T B  ( p  << 0.001). No significant difference between the mean 
volumes of distribution for urethan uersus light ether anesthesia was seen. 
When continuous ether-treated animals were compared to those treated 
with light ether, a significant increase in volume of distribution and C ~ T B  
was noted, but the half-lives were unaffected by the different mode of 
ether administration. 


As shown, urethan markedly affected all of the thiamine pharmaco- 
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Vigure 3-Thiamine blood leuels after treatment with thiamine hy- 
drochloride (36 mglkg iu) in rats under urethan (A) and light ether 
anesthesia (A). Concentration of thiamine is expressed as thiamine 
hydrochloride in micrograms pcr milliliter. 
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Table 11-Effect of Anesthesia on the Pharmacokinetic Parameters  a fo r  Thiamine Disposition in Rats  a f t e r  Administration of 
Thiamine Hydrochloride, 12 m d k a  iv 


Anesthetic Agent 
Parameter Light Etherb UrethanC 


Statistical 
Significance 
of Difference 


33.0 f 6.2 
10.9 f 1.3 
0.57 I 0 . 1 3  


0.0201 f 0.0014 
35.2 f 2.2 
627 f 91 


0.052 f 0.008 
1020 f 110 
20.6 f 2.8 


36.1 f 6.1 
15.1 f 1.6 
0.57 f 0.10 


0.0141 f 0.0014 
51.4 f 4.5 
1320 f 120 


0.110 f 0.010 
790 4 a2 
9.6 f 0.8 


p < 0.01d 
p < 0.005d 
p < 0.05e 
NSf 
p < 0.005d 


Biexponential parameter determined by fitting blood concentration uersus time data to Eq. 1. * Mean f SE fbr five animals. Mean f S E  for seven animals. Parameters 
under urethan anesthesia significantly different from parameters under light ether anesthesia using one-tailed t test (14) at the level indicated. Parameter under urethan 
anesthesia significantly different from each value for this parameter in Tables 1-111 using the Student-Newman-KeuIs test (15). f Not significantly different at p = 
0.05. 


kinetic parameters (with the exception of the volume of distribution) after 
intravenous administration of thiamine hydrochloride a t  12 and 36 
mg/kg. Dose-independent pharmacokinetic parameter changes were 
observed under light ether anesthesia as demonstrated by comparing the 
AUCo--,/dose. The Student-Newman-Keuls multiple comparison test 
(15) applied to the mean AUCo-Jdose parameter for each anesthetic 
agent used and a t  each dose of thiamine hydrochloride, indicated no 
significant difference among means from light ether-anesthetized ani- 
mals. This was consistent with results from the urinary excretion studies. 
The pattern for excretion of thiamine by the renal route is shown in Fig. 
4. After taking into account the turnover of endogenous thiamine, -75% 
of the exogenous thiamine dose administered was excreted unchanged 
in the first 2 hr and the amount of thiamine excreted unchanged in 48 hr 
accounted for 96% of the administered dose as shown in Fig. 5. The uri- 
nary excretion rate of thiamine in light ether-anesthetized rats closely 
parallels the time course of whole blood concentrations, with approxi- 
mately the same terminal half-life for all the doses studied. In addition, 
the renal clearance closely correlated with C ~ T B  for rats anesthetized with 
ether, since the primary elimination route a t  these doses is the renal 
route. 


As opposed to the results for thiamine pharmacokinetics after ether 
anesthesia, the Student-Newman-Keuls test indicated significant dif- 
ferences between mean A CIC,+Jdose values for urethan and ether- 
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Figure 4-Cumulative urinary excretion patterns of thiamine after 
administration of thiamine hydrochloride in  rats at 4,12,  and 36 mg/kg 
iv and the intrinsic turnover of  thiamine from the diet. 


anesthetized animals, and also suggested that differences between the 
mean A U C o J d o s e  values a t  each dose of thiamine hydrochloride for 
urethan-anesthetized animals were significant. 


DISCUSSION 


In the present investigation, urethan anesthesia significantly prolonged 
the half-life of thiamine in rats after administration of thiamine hydro- 
chloride a t  12 and 36 mg/kg relative to the 4-mg/kg dose. Total body 
clearance significantly decreased, primarily due to the increased half-life 
(decreased p) and not due to the small changes, if any, in volumes of 
distribution. 


Urinary excretion of unchanged thiamine is the principal elimination 
route of thiamine in the dose range studied. Since thiamine appears t o  
be exclusively eliminated by the renal route, total body clearance and 
renal clearance are approximately equal. The total body clearance of 
thiamine in rats anesthetized with ether (-19 ml/min/kg) is greater than 
the glomerular filtration rate (10 ml/min/kg) in rats (16). This result is 
consistent with the known tubular secretion of thiamine and other qua- 
ternary ammonium drugs (17-19). Thiamine is also known to be reab- 
sorbed from the renal tubules by a saturable process (19). 


The mechanism of urethan alteration of thiamine elimination after 
thiamine hydrochloride administration is most likely very complex, since 
urethan changes a number of physiological parameters. It suppresses 
hematopoiesis and is hepatotoxic (20). Urethan also causes acute changes 
in blood and blood vessels, hemolysis, and red blood cell breakdown (1). 
Hemdynamic alterations caused by urethan are slow to occur, and other 
factors may alter or accelerate these hemodynamic effects (21). It was 
shown (22) that urethan in anesthetic doses increases the hematocrit, 
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Figure 5-Ro t  o f  the total amount of  thiamine excreted unchanged 
in urine in  48 hr (corrected for the intrinsic turnover of thiamine in 48 
hr) versus the dose of  thiamine hydrochloride administered. The  line 
drawn was generated by least-squares analysis. 
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Table 111-Effect of Anesthesia on t h e  Pharmacokinetic Parameters  * for  Thiamine Disposition in Rats  a f t e r  Administration of 
Thiamine Hydrochloride, 36 mg/kg iv 


Statistical 


Parameter 
Anesthetic Agent Significance 


Light Etherh Continuous Etherh Urethan‘ of Difference 


A ,  d m l  142.5 f 7.6 70.2 f 5.1 70 f 10 
R ,  P g / y  35.2 f 5.2 17.9 f 5.1 43.4 f 4.1 
a, min- 0.76 f 0.20 0.239 f 0.069 0.232 f 0.052 
fl ,  min-’ 0.019 f 0.002 0.020 f 0.004 0.0066 f 0.0008 


38.1 f 4.2 37.9 f 5.6 97.9 f 7.4 p << 0.001d 


AUCldose, min/ml/kg 0.058 f 0.008 0.036 f 0.003 0.173 f 0.024 p < 0.05‘ 


C~TB, ml/min/kg 18.4 f 2.3 28.0 f 1.8 5.7 f 1.0 p << 0.001d 


LA0ibfTI:gnmin/ml 2090 f 290 1304 f 95 6230 f 880 p << 0.001d 


Vd(area)t d k g  830 f 44 1530 f 260, 841 f 92 NSf 
( p  < 0.05) 


( p  < 0.01)d 


9 Biexponential parameters determined by fitting blood concentration uprsus time data to Eq. 1. b Mean f SE for five animals. Mean & SE for six animals. Significantly 
different from light ether and/or continuous ether using single classification Model I ANOVA (15). e Parameter under urethan anesthesia signifirantly different from 
each value for this parameter in Tables 1-111 using the Student-Newman-Keuls test (15). I Not significantly different a t  p = 0.05. 


decreases blood pressure, increases plasma glucose, and causes local tissue 
damage to intra-abdominal organs and loss of blood plasma from circu- 
lation. 


Ether is also known to alter many hemodynamic functions (23). T o  
dramatize these effects, ether was administered continuously in the 
36-mg/kg base study. The use of continuous ether anesthesia compared 
to light ether anesthesia significantly affected only the volume of dis- 
tribution, and in an increasing direction. As noted, mean pharmacokinetic 
parameters for thiamine disposition in rats under urethan were signifi- 
cantly different from those in rats under light ether and continuous ether 
anesthesia. 


Hypothermia may accompany general anesthesia due to hemodynamic 
alterations and general depression of the temperature regulating centers 
in the hypothalamus (24). Hypothermia was recently shown to alter the 
pharmacokinetics of pancuronium in the cat (25)  and propranolol in the 
dog and humans (26). It was found (25) that pancuronium was eliminated 
more slowly and the volume of distribution and total plasma clearance 
was less in the cat when body temperature was lowered by 10”. Another 
investigation (26) reported that cooling to 26’ markedly reduced the 
apparent volume of distribution and the total body clearance of pro- 
pranolol in dogs. Although hypothermia may alter a drug’s disposition 
kinetics, the temperature decreases examined previously were large 
(110”) and in the present investigation the animals under continuous 
anesthesia were maintained under thermal control. 


Most striking and perhaps most consequential to thiamine disposition 
and elimination may be the pronounced hypocalcemic effect of urethan 
in rats. This effect was studied (27) with ether and halothane anesthesia. 
Urethan administered intraperitoneally a t  anesthetic doses significantly 
lowered serum calcium within 15 min after injection and this effect lasted 
for more than 20 hr. 


The relationship between calcium and thiamine is well documented. 
Calcium and magnesium deficiencies alter thiamine distribution in the 
rat brain and liver. Calcium also plays a significant role in binding thi- 
amine to nerve membrane structure (2630). Although it is suspected that 
the hypocalcemic effect of urethan may bear primary consideration in 
the alteration of thiamine elimination, hemodynamic changes may also 
contribute. 


Since it is not usually necessary to maintain animals under continuous 
anesthesia during many simple pharmacokinetic studies, the use of 
urethan or continuous ether anesthesia is no longer common practice. 
However, for many experiments where significant surgery is required or 
the animals are exposed to painful techniques, continuous anesthesia is 
desirable. The results of the present study demonstrate the care which 
must be taken in the interpretation of pharmacokinetic data otained in 
anesthetized animals, particularly when urethan anesthesia is used. 
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Noncompartmental Determination of the 
Steady-State Volume of Distribution for 
Any Mode of Administration 


Keyphrases Pharmacokinetics-noncompartmental determination 
of the steady-state volume of distribution for any mode of administration 


Volume of distribution-steady-state, noncompartmental determi- 
nation for any mode of administration 


To the  Editor 
The analysis of concentration-time data by phar- 


macokinetic methods traditionally involves the use of 
compartmental models. The interpretation of this analysis, 
represented by a linear equation in the form of a sum of 
coefficient and exponential terms, provides useful insight 
into drug disposition. In recent years, however, there has 
been a move away from the traditional approach to an al- 
ternative method referred to as model-independent data 
analysis. There are reasons to recommend the latter ap- 
proach; there is no need to ascribe the data to a specific 
model, and as a result it is not necessary to have a sophis- 
ticated computer and nonlinear regression programs 
available. The model-independent approach assumes only 
that all dispositional processes may be described by first- 
order kinetics with elimination occurring from the rapidly 
equilibrating or central compartment. This approach may 
also be termed an area analysis, since the useful parameters 
of clearance and volumes of distribution (V,, and Vp or 
V,,,,) are based on determination of the total area under 
the plasma concentration-time curve (AUC) and total area 
under the first moment of the plasma concentration-time 
curve (AUMC).  The areas generally are determined using 
the linear or logarithmic trapezoidal rule and extrapolation 
techniques. The elimination rate constant and half-life are 
determined from linear regression of the terminal (i.e., 
post-absorption, post-distribution) concentration-time 
data. 


Benet and Galeazzi (1) applied techniques of tracer ki- 


netics, and used moment analysis (2,3) to obtain the vol- 
ume of distribution at  steady state, V,,, following an in- 
travenous bolus injection. The purpose of this communi- 
cation is to extend their analysis to permit calculation of 
V,, for any mode of administration. 


The mean transit time for a drug in the body, t b ,  is a 
function of the mean transit time for the response to the 
input (in), usually measured as plasma Concentration, 
tb+in,  and the mean transit time of the input, ti, (4): 


tb = tb+in - tin (Eq. 1) 


Mean transit or residence time for the response to the 
input, i.e., plasma concentration, is given by: 


- -  - 


tb+in = im tC d t l  s,” C dt = AUMCIAUC (Eq. 2) 


while the mean transit time for the input is given by (5): 


tin = J- X dtldose (Eq. 3) 


where dose is the dose administered, and J tX  d t  is the 
total area under the amount versus time curve for the 
input. For example, if a drug is administered as a zero- 
order infusion: 


X = dose - kot (Eq. 4) 


In Eq. 4, X is the amount remaining to be infused at  time 
t ,  and ko is the zero-order infusion rate. Administration 
by a first-order process (e.g., extravascular administration) 
results in the following expression for X ,  the amount re- 
maining to be administered: 


X = F dose e-k4t (Eq. 5) 


where k ,  is an apparent first-order rate constant, and F 
is the fraction of the administered dose ultimately reaching 
the systemic circulation. Integration of Eqs. 4 and 5 
yields: 


A T X  dt  = koT2/2 (Eq. 6) 


and 


im X dt  = F doselk, (Eq. 7) 


respectively. In Eq. 6, T is the duration of the infusion and 
is the upper limit of the integral, i .e. ,  T is equivalent to 
infinity. 


Substitution for t b + i n  and tin, according to Eqs. 2 and 
3, respectively, in Eq. 1 gives the following expression for 
drug transit time in the body: 


ib = AIIMClAlJC - J- X dtldose (Eq. 8) 


Since V,, is equal to the product of clearance (doselAUC) 
and transit time (I), that is: 


dose - 
AUC t b  


v,, = - 


Equations 8 and 9 can be readily used to calculate V,, 
following any mode of administration. Where there is a 
single mode of administration, Eqs. 8 and 9 can be readily 
solved for VSs. For the case where drug is administered as 
a single bolus, J t X  d t  = 0,  


A UMC 


This is the same equation as derived by Benet and Galeazzi 
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Table I-Equations for J-rX dt and SrX dt/Dose for Various 
Modes of Drug Administration 


Mode of 
Administration J t X  dt  J t X  &/dose 


Intravenous bolus 0 0 
Intravenous koT2/2" T/2 


infusion 
First-order input F doselk. 
Simultaneous bolus kot 2/2 


plus infusion 


a See Eqs. 4 and 6. See Eqs. 5 and 7. See Eq. 13. Subscript 1 refers to the 
first infusion, and subscript 2 refers to the second infusion. 


(1). Substitution of koT2/2 for J,"Xdt (see Eq. 6 )  in Eq. 
8, and recognizing that koT equals dose, yields the fol- 
lowing equation for V,, for infusion data (6): 


V dose AUMC =-(--3=dose7-- AUMC Tdose (Eq. 11) 
'' AUC A U C  AUC 2 A U C  


If a case were to arise where input was first-order: 
AUMC Fdose 


= F dose (Eq. 12) A U C  k, A U C  
- - 


If a value of F is not available, V,,IF rather than V,, 
would be calculated. As is apparent, information other 
than areas is required to determine V,, where input is other 
than a bolus. 


Administration of drug by multiple modes, for example, 
a simultaneous bolus plus an infusion, or consecutive 
infusions, may yield concentration-time data from which 
it may be desirable to estimate V,,. Equation 9 in con- 
junction with a more general form of Eq. 8 may be used: 


Table 11-Calculation of V, for Various Modes of 
Administration. 


(Es. 13) 


Mode of A U C .  A U M C .  AUC 
"I 


Administration (pglrnl j h r  (rg/ml) hrz hr hr  L 


IV bolus, 1000.Od 25002.5= 25.0 0 25.0 


IV infusion, 1000.0 26002.5f 26.0 1.0 25.0 


First-order 1000.0 25716.89 25.7 0.7 25.0 


500 mg 


250 mg/hr 
over 2 hr 


administration. 
500mg, F = 1, 
k, = 1.4 hr-I 


infusion, 
500 mg bolus 
plus 250 mg/hr 
over 2 hr 


infusions, 
250 mg/hr over 
2 hr followed 
by 41.67 m g h r  
over 6 hr 


Bolus plus 2000.0 51005.0h 25.5 0.5 25.0 


Two consecutive 1500.0 40003.7' 26.7 1.7 25.0 


a Calculations based on equation, C + Aze-Xst, where A1 = 60.9545 
pglml, A1 = 5.0605 hr-l, Az = 39.0459 pglml and XZ = 0.03952 hr-1 following a 
500-mg bolus dose. AUC = Z'?,,Ai/X,. ' AUMC = 
Z?-iAi/Xf. f AUMC = Z ~ , , A I / X ~  + T AUCIP. 8 AUMC = dlk: + kaA1/X:(k. - 
A d  + k.Az/Xf(k. - Xz), where N = k. dose (kz l  - k,)lV,(X1 - k,) (Xz - kp). 


Equals c plus d. ' Use c for two different infusion rates, and add the resulting 
numbers. Note that only one-half the dose was given on the second infusion. 


See Table I. c See Eq. 13. 


In Eq. 13, AUMC and AUC are the total areas under the 
resulting t C uersus time and C uersus time curves, and can 
be determined in the same manner as outlined for intra- 
venous bolus data (1). The second term on the right hand 
side of Eq. 13 can be readily solved as the numerator is 
simply the sum of the J ; X d t  values for each mode of ad- 
ministration, and the denominator is the total dose ad- 
ministered by all modes of administration. Examples are 
illustrated in Table I. 


The V,, was determined for the various modes of ad- 
ministration outlined in Table I, utilizing the same data 
as employed by Benet and Galeazzi (1). All calculations 
were performed from explicit equations and are presented 
in Table 11. Explicit equations were used to illustrate the 
validity of the relationships presented here. Estimation 
of the areas, AUC and AUMC, from time zero to the first 
point of the postabsorption andlor postdistribution phase 
with the linear or logarithmic trapezoidal rule, and from 
this latter point to time infinity using explicit equations 
(1) would yield values which vary from the theoretical 
values. Such variability is primarily due to inherent errors 
in the methods used to estimate the areas. However, the 
values obtained would be as reliable as those calculated 
using traditional methods of data analysis. 


(1) L. Z. Benet and R. L. Galeazzi, J. Pharm. Sci . ,  68,1071 (1979). 
(2) K. Yamaoka, T. Nakagawa, and T .  Uno, J .  Pharrnacokinet. Bio- 
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Albumin Does Not Mediate the Removal of 
Taurocholate by the Rat Liver 


Keyphrases 0 Albumin-effect on removal of taurocholate from liver 
0 Taurocholate-removal from liver not mediated by albumin 


T o  the Editor: 
In a recent article by Forker and Luxon (l), the authors 


discuss what they refer to as a contradiction in liver ex- 
traction as a function of albumin concentration and tau- 
rocholate free concentration. The authors have failed to 
relate their experimental observations to a fundamental 
clearance concept (2):  
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Abstract  0 The bioavailability of two commercial preparations of 
chlorthalidone was studied in healthy male subjects. Reference solu- 
tions/suspensions for the two products were chlorthalidone dissolved in 
a solution of water-polyethylene glycol and a solution/suspension of 
chlorthalidone. Bioavailability of the chlorthalidone in water-polyeth- 
ylene glycol solution was significantly reduced in comparison to one of 
the commercial preparations, and trends in the data suggested that it was 
less well absorbed than either the chlorthalidone in water solution/sus- 
pension or the other commercial preparation of chlorthalidone. These 
data, together with previous reports indicating that polyethylene glycol 
may retard the absorption of some drugs in uitro, suggest that  this 
compound should not be used to aid dissolution of drug in a reference 
standard for bioavailability investigations. 


Keyphrases [7 Chlorthalidone-relative bioavailability in humans, 
adverse influence of polyethylene glycol Bioavailability-chlorthali- 
done in humans, adverse influence of polyethylene glycol Polyethylene 
glycol-adverse influence on relative bioavailability of chlorthalidone, 
humans 


Chlorthalidonel [2-chloro-5-(l-hydroxy-3-oxo-l-iso- 
indoliny1)benzene-sulfonamide] is a diuretic agent with 
a relatively long half-life (-45 hr), correspondingly long 
duration of effect, and a low incidence of adverse effects. 
Because it is now possible for several manufacturers to 
market the drug in the United States, studies will be per- 
formed to assess the bioequivalence of different formula- 
tions of chlorthalidone. Guidelines issued by the U.S. Food 
and Drug Administration (FDA) for the performance of 
these investigations recommend that bioequivalency 
studies of chlorthalidone be performed against a standard 
reference solution of chlorthalidone in at  least 20 indi- 
viduals in a two-way crossover design (1). 


Because chlorthalidone is poorly soluble in water (12 
mg/100 ml water at  20") (2), FDA guidelines recommend 
a solution of chlorthalidone in polyethylene glycol (I) as 
the reference standard for bioavailability because poly- 
ethylene glycol aids the dissolution of the drug in water. 
Preliminary studies, however, have suggested that chlor- 
thalidone in a water-polyethylene glycol solution is less 
well absorbed than a tablet formulation. To assess this 
possibility and to evaluate a generic preparation of chlor- 
thalidone in accordance with FDA guidelines, a crossover 
investigation was designed to determine the relative bio- 
availability of different formulations of chlorthalidone. 


EXPERIMENTAL 


Clinical Study-The study was performed in the clinical facilities of 
the Drug Studies Unit, University of California, San Francisco. Subjects 
were healthy male volunteers between the ages of 21 and 40 and within 
10% of standard weight for height and body frame size (3). Information 
about the study was given to  each participant prior to entry and each 
subject signed a consent form indicating they were informed of the pur- 


Table  I-Measurement of Blood Concentration-Time Curves in  
12 Healthy Male Subjects After a Single 50-mg Dose of 
Chlorthalidone (Treatment A) 


Parameter Mean f SD 


0.513 f 0.564 
0.168 f 0.125 


7.73 
0.992 f 0.623 
0.929 f 0.442 


0.0181 f 0.0082 
46.7 f 22.2 
14.4 f 25.5 
11.0 f 4.66 
11.3 f 4.05 


0.184 f 0.044 
0.180 f 0.046 
0.080 f 0.018 


0 Calculated using computer fitted parameters. * Calculated using measured 
A UC values. 


pose and procedures of the study. The study lasted 12 weeks, during 
which the participants were administered a single dose of each of four 
preparations of chlorthalidone with a 3-week wash-out period between 
each dose. 


The following four formulations of chlorthalidone were administered 
as a single oral dose in the study: Two 25-mg chlorthalidone tablets2 taken 
with 180 ml of water (Treatment A); ~hlorthalidone~, two 25-mg tablets 
taken with 180 ml of water (Treatment B); chlorthalidone in water- 
polyethylene glycol solution, 50 mg/100 ml followed by an 80-ml water 
rinse of the dosing container (Treatment C); and chlorthalidone in so- 
lution/suspension, 50 mg/100 ml water, followed by an 80-ml water rinse 
of the dosing container (Treatment D). Chlorthalidone in solution or 
solution/suspension was prepared according to the following procedures. 
For treatment C, 10% water-polyethylene glycol 4000 solution was heated 
to 37" and added to chlorthalidone powder to give, after filtration, 50 mg 
of drug/100 ml of solution. Assay of solution, using the same assay as for 
blood, for Treatment C confirmed that the content of chlorthalidone was 
appropriate. For Treatment D, 50 mg of chlorthalidone was stirred in 100 
ml of water prior to dosing. 


Dose Administration-Twenty-two healthy males participated in 
the study. Twelve of the 22 subjects received all four formulations of 
chlorthalidone according to a balanced 4 X 4 Latin square design. Three 
subjects were assigned to each of four treatment sequences. An additional 
10 subjects received only the formulation of chlorthalidone used in 
Treatment B and chlorthalidone in water-polyethylene glycol solution. 
Five of these subjects were randomly assigned to one of the two possible 
treatment sequences (product used in Treatment B followed by water- 
polyethylene glycol solution of drug) and five were assigned to the reverse 
procedure. Postexperiment analysis of the data indicated no sequence, 
period, or crossover effects in the 12 individuals receiving all four treat- 
ments. The data for Treatment B and for chlorthalidone in water-poly- 
ethylene glycol solution (Treatment C) from these 12 individuals were, 
therefore, combined with the data in the additional 10 subjects receiving 
these treatments to give 22 individuals who received both Treatments 
B and C .  These data provided bioequivalency data for chlorthalidone 
tablets required by FDA for premarketing approval. 


Dosing of chlorthalidone occurred a t  8 am on a treatment day, followed 
by blood and urine collections for a period of 120 hr. Beginning with the 
8 am dose, blood was collected a t  the following time periods: 0,0.5,1,2, 
3,4,6,8,12,24,48,72,96, and 120 hr. Urine was collected at the following 
time periods, beginning with the 8 am dose: 0-2, 2-4, 4-6, 6-8, 8-12, 


The drug is marketed as Hygroton by Ciba-Geigy in Europe and under license 
by USV Pharmaceuticals in the United States. 


U.S.V. Laboratories, lot No. 06009. 
Mylan Pharmaceuticals, lot No. E021M. 
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Table 11-Variables Assessing Bioequivalence Between Four Formulations of Chlorthalidone in 12 Subjects 


Variable 


Newman-Keuls 
B B C  


A B C D Pe A C D  
Treatment a Treatmentb Treatment' Treatmentd versus versus versus 


AUCL,. me X hrlliter 293 f 67f 336 f 53 278 f 71 305 f 74 0.074 
" . I  


0.019 0.05 0.05 0.05 Amount in urineo-lzo hr, mg 18.3 f 2.5 22.1 f 5.6 16.6 f 3.4 17.9 f 3.2 
Ka , hr-I 0.168 f 0.13 0.253 f 0.17 0.162 f 0.13 0.185 f 0.10 0.420 


0.0181 f 0.0082 0.020 f 0.010 0.0173 f 0.004 0.0156 f 0.0052 0.520 
3.73 f 0.93 4.62 f 0.80 3.36 f 0.74 3.93 f 1.12 0.022 0.05 
13.8 f 6.3 10.8 f 5.0 12.1 f 11.7 16.1 f 12.3 0.517 


~~ ~~ 


Tablet2. Tablet3. Chlorthalidone in water and polyethylene glycol. Chlorthalidone solutionhspension in water. Analysis of varianre. f Standard Deviation. 


12-24,24-48,48-72,72-96, and 96-120 hr. Aliquots of urine were taken 
after volume measurement and both blood and urine samples were stored 
a t  -20" until analysis. Subjects fasted overnight (10 hr) prior to dosing 
and continued fasting until a standard lunch was administered 4 hr after 
dosing. They were ambulatory during the study but did not engage in 
strenuous exertion. 


Drug Analysis-Chlorthalidone concentrations in whole blood and 
urine were assayed with high-pressure liquid chromatography (HPLC). 
Whole blood assay was performed because chlorthalidone is known to 
concentrate in red blood cells, whereas the concentrations in plasma are 
low. The method of assay is summarized here; however, details of the 
method will be presented in a separate publication. 


Whole blood (0.2 ml) was mixed with an equal volume of distilled water, 
sonicated for 5 min, and mixed with acetonitrile containing phentolamine 
hydrochloride (internal standard). After mixing and centrifugation, the 
supernate was transferred to a clean tube and evaporated under nitrogen 
until -0.4 ml of the solution remained. A portion of this sample was in- 
jected into the loop injector of the high-pressure liquid chromatograph. 
Urine was handled as blood with the exceptions that the sonication and 
centrifugation steps were not included and the urine internal standard 
was pentobarbital sodium. Chromatography was performed on a high- 
performance liquid chromatograph4 equipped with a variable wavelength 
spectrophotometric detector5. The UV detector was set a t  210 nm for 
blood and 250 nm for urine samples. The lower limit of sensitivity of the 
assay in blood was 200 ng/ml with a coefficient of variation of 5.0% and 
750 ng/ml in urine with a coefficient of variation of 6.6%. 


Pharmacokinetic and Statistical Analysis-To obtain the ab- 
sorption and elimination rate constants, the blood concentration-time 
data were fitted to a two-compartment body model with first-order input 
and lag time. Due to the prolonged peak time, the absorption half-time 
was assumed to be longer than that for the fast disposition constant, a. 
This is consistent with values obtained previously (4) following intra- 


1 Or- r- 


0.1- 1111111111111 
0 40 80 120 0 40 80 120 


HOURS HOURS 


Figure 1-Blood chlorthalidone concentration-time curves i n  a single 
individual (Subject 1) following adminis trat ion of Treatment  A, 
Treatment  B, chlorthalidone i n  waterlpolyethylene glycol solution 
(Treatment  Cj, and chlorthalidone i n  water solutionlsuspension 
(Treatment  0). 


4 Perkin-Elmer Series 3. 
Schoett'el, model SP '7'70 


venous dosing. Weighting of each data point was performed by squaring 
the value of the reciprocal of the observation. Parameter estimates were 
obtained using a nonlinear least-square computer program (3). The area 
under the plasma concentration curve ( A U C )  for chlorthalidone in blood 
was calculated by trapezoidal rule to (:peak and log-trapezoidal rule 
thereafter. AUC12o hr-m was estimated from the concentration of chlor- 
thalidone in blood a t  120 hr divided by the terminal rate constant of 
dimination obtained from the fitting procedure. This area was added 
to the A Uco-l20 hr to give AUCo--. Cpeak and Tpeak represent the points 
of the highest concentration of chlorthalidone observed in blood and the 
time this concentration occurred. As verification of the fitting procedure, 
chlorthalidone clearance/F was also calculated using the noncompart- 
mental method of dividing dose by AUCo-,, where F is the fraction of 
the oral dose available to the systemic circulation. Renal clearance was 
determined by dividing the amount of drug excreted into the urine at  120 
hr by the AUC0-120 hr. 


The following parameters were analyzed statistically: absorption and 
elimination rate constants, AUCo-,, amount of drug excreted in the urine 
in 120 hr, and Cpeak and Tpesk (5). Significant differences between 
treatments were identified using the Newman-Keuls test. 


RESULTS AND DISCUSSION 


Representative blood concentration-time curves observed in a single 
individual (Subject 1) after each of the four treatments are shown in Fig. 
1. Pharmacokinetic parameters derived from the curves in the 12 indi- 
viduals receiving Treatment A are shown in Table I. Variables assessing 
bioequivalence in the 12 subjects who received all four treatments are 
shown in Table I1 and in the 22 subjects who received Treatments B and 
C in Table 111. Table I1 also contains the results of the Newman-Keuls 
analysis that tested which of the four treatments differed. Table IV shows 
the comparison of values in all four preparations for the amount of drug 
excreted in the urine in 120 hr and the AUCo-,. Because urine was col- 
lected for only approximately three half-lives of chlorthalidone, this 
measurement is probably less valuable in assessing chlorthalidone bio- 
availability than AUCo-,. 


The data in Table I correspond well with previous reports of chlor- 
thalidone pharmacokinetics following an oral dose of the drug. Fleuren 
et al., (4) reported a plasma clearancelF of 9.55 liter/hr for chlorthalidone 
(Treatment A) after a single dose of the drug. Using the Reiss et  al. (6) 
value of 0.0138 for the plasma to blood ratio of chlorthalidone, this plasma 
clearance may be converted to a blood clearance of 0.132 liter/hr. This 
corresponds to the value of 0.184 literlhr observed in this study for 
Treatment A, given the apparent variability in plasma to blood ratio of 
chlorthalidone over concentrations exhibited following clinical doses of 
the drug. This variability occurs as a consequence of saturable binding 


Table 111-Variables Assessing Bioequivalence Between Two 
Formulations of Chlorthalidone in 22 Subjects 


Treatment B", Treatment C*, 
Variable mean f SD m e a n f  SD P' 


A U C O - ~ ,  mg/liter.hr 322 f 60 272 f 56 0.0023 
Amount in urineo-llo hr, 20.2 f 5.1 15.7 f 3.3 0,0003 


K a ,  hr-' 0.248 f 0.20 0.134 f 0.12 0.0315 
p, hr-1 0.0193 f 0.0085 0.0168 f 0.0045 0.2583 
C e&, mg/liter 4.03 f 0.98 3.03 f 0.69 0.0001 
TPpeak, hr 13.3 f 8.9 18.2 f 17.2 0.2134 


a Tablet3. 
of variance. 


mg 


Chlorthalidone in water and polyethylene glycol solution. 1 Analysis 
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Table IV-Comparison of AUCo-, and Ae0-120 hr Values8: Ratio of Individual Values with Mean f SD 


AUCo-, 
Treatment 


B/C D/C B/A . I , .  Subject A K  


Amount of Drug in Urineo-lno hr 
Treatment 


A/C B/C D/C B/A 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
Mean 
SD 


0.97 
1.04 
1.56 
1.51 
0.89 
1.46 
1.16 
1.27 
1.11 
0.97 
0.97 
1.31 


1.19 
0.23 


1.23 
0.94 
1.09 
1.57 
0.79 
0.97 
1.36 
1.60 
1.43 
1.87 
1.10 
1.32 
0.95 
1.38 
1.13 
1.18 
1.09 
0.94 
1.40 
1.02 
0.88 
1.66 
1.22 
0.28 


1.00 
0.93 
1.53 


1.26 
0.90 
0.70 


1.45 
0.74 
1.37 


1.18 1.04 1.19 


1.43 
1.56 
1.49 
1.42 


1.13 0.89 1.67 2.23 
1.62 0.66 1.30 1.07 
1.05 1.17 0.86 1.08 
1.08 1.25 0.80 0.90 
0.86 1.28 1.49 1.55 
1.23 
1.06 
0.99 


1.14 
0.23 


1.92 
1.13 
1.01 


1.10 
0.33 


1.28 
1.41 
1.04 


1.22 
0.30 


1.14 
1.71 
0.83 
1.02 
0.93 
1.23 
1.67 
1.32 
1.18 
1.34 
1.02 
1.24 ~ ~. 


1.37 
1.31 
0.32 


1.43 
1.01 
1.61 
1.48 
1.96 
1.32 
0.84 
0.82 
1.32 
1.68 
1.22 
0.63 


1.28 
0.39 


0.98 
2.11 
1.08 
1.19 
1.34 
0.83 
1.24 
1.12 
1.04 
0.90 
1.22 
0.80 


1.15 
0.34 


Treatments A, B, and D compared with Treatment C; Treatment B compared with A. 


of drug to erythrocytes (7). Fleuren et al. (4) reported a terminal half-life 
of 44.1 hr, whereas a value of 46.7 hr was obtained in this study. Although 
absolute bioavailability could not be assessed in this study, Fleuren and 
coworkers reported that the fraction of drug absorbed into the systemic 
circulation after an oral dose is 4 .60.  Multiplying the clearance/F values 
by 0.60 yields a blood chlorthalidone clearance of -0.110 liter/hr (1.84 
mllmin). Slightly less than three-quarters of the chlorthalidone clearance 
is represented by renal elimination of unchanged drug, while the re- 
mainder presumably occurs as a result of hepatic biotransformation and 
biliary excretion. With a low distribution volume and a relatively long 
terminal half-life, chlorthalidone belongs to the category of drugs that 
are poorly extracted from the blood. 


The data in Table I11 demonstrate a statistically significant difference 
between Treatments B and C for several parameters, apparently because 
of the larger number of individuals studied. From this study, Treatment 
B is absorbed more rapidly, attains a higher concentration of chlorthal- 
idone in the blood, produces a greater AUC&_-, and results in a greater 
amount of drug excreted in the urine by 120 hr in comparison with the 
drug in the water-polyethylene glycol solution. The data in this table also 
indicate that for AUCG,, Treatment B differs from Treatment C (as does 
Treatment A) according to the 75:75 rule (FDA), in which 75% of the 
individuals must demonstrate a test value within 75% of the value for the 
reference solution. 


Previous investigations have suggested that polyethylene glycol can 
retard drug absorption. In 1966 it was demonstrated in two different in 
uitro systems that polyethylene glycol retarded the dissolution and ab- 
sorption of phenobarbital (8). It was suggested that this effect probably 
occurred as a consequence of complexation of phenobarbital with poly- 
ethylene glycol. This particular phenomenon was observed only for 
phenobarbital, however, and not for pentobarbital, barbital, or barbituric 
acid. I t  was demonstrated more recently using the in situ rat gut tech- 
nique, that  both polyethylene glycol 4000 and 6000 retarded the rate of 
disappearance of salicylic acid from the gut (9). The clinical data in this 
report corroborate these in uitro observations on the potential influence 
of polyethylene glycol on drug dissolution and/or absorption. 


Polyethylene glycol 4000 is one of several polyethylene glycols produced 
by reacting ethylene oxide with ethylene glycol or water; they bear the 
general formula of H(CHzCH2)”OH. Used as demulcents, polyethylene 
glycols are found in water-soluble ointment bases, as ingredients of lotions 
and suppositories, and as tablet coatings. Although polyethylene glycol 
4000 results in improved solubility of chlorthalidone in water, the data 
in this investigation, as well as previous reports (8,9), indicate that it is 
not an appropriate constituent for use in chlorthalidone bioavailability 
studies. Its use in bioequivalency investigations for other drugs should 
probably be discouraged until it can be shown to be inert in the test sys- 


tem employed. 
The data in Tables I1 and IV suggest also that Treatment B may be 


slightly more bioavailable than a water solutionlsuspension of chlor- 
thalidone or the currently marketed preparation of the drug, Treatment 
A. Whatever differences exist between the treatments in this study, 
however, are not likely to be of clinical significance. These observations 
raise the following issue: As pharmaceutical technology advances, generic 
formulations of marketed drugs may be produced that are substantially 
more bioavailable than the innovators’ products. In such circumstances, 
the FDA may be in the unenviable position of requesting that generic 
manufacturers either design a product with lower bioavailability char- 
acteristics or alter the drug content of their formulation. As an alternative, 
the FDA may ask the innovator to reformulate. Whatever the final de- 
cision, the results of this study emphasize the importance of including 
the innovator’s formulation in assessing the bioequivalence of a generic 
product. 
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Abstract The binding of the carotenoid crocetin to buman and bovine 
plasma albumin was studied using absorption and fluorescence tech- 
niques. Shifts in the absorption spectrum of crocetin, quenching of the 
albumin fluorescence, and competitive binding studies all provided in- 
formation about the binding of crocetin to albumin. These studies suggest 
that crocetin binds to plasma albumin by occupying the free fatty acid 
binding sites. The binding constants for the first two binding sites are 
in the 105-107 M-' range and are an order of magnitude less than the 
values reported for other conjugated polyene fatty acids. The importance 
of this strong plasma albumin binding to the pharmacology of crocetin 
is discussed. 


Keyphrases 0 Crocetin-binding to plasma albumin, bovine and human 
Serum protein binding-crocetin, bovine and human serum albumin 
Binding-crocetin, with bovine and human serum albumin 


An important function of plasma albumin is to bind 
metabolites and drugs that are relatively insoluble in 
aqueous media. The protein complex serves as the trans- 
port system that conveys the metabolite or drug to the site 
of action. Drug binding can influence the therapeutic, 
pharmacodynamic, and toxicological actions of drugs. The 
binding of drugs by albumin and plasma protein was re- 
viewed earlier (1, 2). 


One of the most important metabolites transported by 
plasma albumin is free fatty acid, the form in which fat is 
released from the adipose tissue storage deposits (3).  Al- 
though the plasma free fatty acid concentration is quite 
variable, the molar ratio of free fatty acid to albumin in the 
plasma usually is in the range of 0.5-2.0 and rarely exceeds 
3.0 (4,5). The binding and transport of a drug can be in- 
fluenced by changes in the plasma free fatty acid concen- 
tration. Competitive binding between fatty acids and other 
organic compounds is examined in a recent review article 
on fatty acid binding to plasma albumin (6). 


BACKGROUND 


Crocetin (S,S'-diapocarotenedioic acid) is a dicarboxylic acid that is 
a member of the class of terpene lipids called carotenoids. Crocetin occurs 
as the glycoside in varieties of gardenia and members of the crocus family, 
particularly saffron. It is slightly soluble in aqueous solutions (20 g M  a t  
pH 8)  that  are basic and very soluble in organic bases such as pyridine. 
Solid crocetin is brick red while solutions are bright yellow. 


A recent study demonstrated that the intramuscular injection of cro- 
cetin in rabbits fed an atherosclerosis-producing diet resulted in greatly 
reduced severity of the atherosclerosis (7,8). The physiological mecha- 
nism of crocetin activity is not understood, but there is evidence that it 
might involve the prevention of hypoxia (8-10). More recently, crocetin 
has been used to treat cerebral edema in cats ( l l ) ,  to increase fermen- 
tation yields (12), for cancer therapy (13,14), to treat spinal cord injury 
(15), to treat skin papillomas (16,17), and to treat hypertension in rats 
(18). 


The original investigations were based on the premise that crocetin 
would be a free molecular species in plasma solution. It was suggested 
(8) that a long, rigid molecule of relatively low molecular weight might 
increase oxygen diffusivity in the plasma. Since crocetin possesses these 
molecular characteristics, it was selected as a likely candidate for these 
investigations. Although crocetin has been found to bring about a large 
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increase in oxygen diffusivity in plasma, even in the presence of increased 
plasma protein levels (8), it was thought that it would bind to plasma 
albumin and perhaps other plasma components. Absorption and fluo- 
rescence techniques were used to study the binding of crocetin to plasma 
albumin. 


EXPERIMENTAL 


Crystalline bovine plasma albumin and human plasma albumin were 
obtained commercially'. Solutions of each protein (0.1 mM) were pre- 
pared and treated with charcoal2 in an acidic medium by a previous 
method (19) to remove endogenous free fatty acids. The albumin-char- 
coal mixtures were centrifuged3 for 80 min a t  20,200Xg and 4'. The pH 
of the clarified solution was adjusted to 8.0 using 2 M NaOH. Albumin 
concentrations were determined by measuring UV absorbance of the 
solution a t  280 nm. 


The concentrations of the crocetin4 solutions were determined from 
the absorbance a t  420 nm. A value of 1.1 X lo5 liters/mole/cm (420 nm) 
was found for the molar absorptivity of crocetin in saline solution a t  pH 
8.0. This is similar to the value (114,900 li tedmole-cm) measured for 
a mixed solvent5 (25% ethanol in water). 
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Figure 1-Fluorescence emission spectrum of bovine plasma albumin 
in the presence of crocetin. T h e  wavelength of excitation was 280 nm; 
the  media contained 0.53 g M  bovine albumin, 0.16 M N o e l ,  and 0.01 
M buffer (pH 8.0); and the  molar ratios of crocetin t o  albumin were 0, 
4, and 17 from top  to  bottom. 


Sigma Chemical Co. 
Darco, ICI United States Inc. 
Sorvall model SS-33. 
Courtesy of John L. Gainer, University of Virginia. 
Courtesy of Sterling-Winthrop Research Institute, Rensselaer, N.Y 
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Table I-Effect of Crocetin on Albumin Fluorescence in the 
Presence of Palmitate 
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Figure 2-Fluorescence titration curves for plasma albumin. Excitation 
was at 280 nm and emission was at 350 nm. Figure 2A shows the 
quenching of tryptophan emission by crocetin binding to bovine albumin 
(0) and human albumin (A), to  bovine albumin with added palmitate 
(V = 4.0) (O) ,  and the human albumin with added palmitate fi = 3.9) 
(A). The bovine and human albumin concentrations were 0.53and 0.54 
pM, respectively. Each data point represents an  average of at least two 
measurements. Figure 2B shows the quenching of tryptophan emission 
by palmitic acid at pH 8.0 and 0.62 pM bovine albumin (a), and at pH 
7.4 and 0.10 mM bovine albumin (0) (pH 7.4 results taken from Ref. 20). 
Figure 2C shows the quenching of tryptophan emission by palmitate 
in samples with added crocetin, U (crocetin) = 1.7 (0) and F (crocetin) 
= 7.1 (A). Bovine albumin concentration was 0.64 pM with 0.16 M NaCl 
and 0.01 M buffer at pH 8.0. 


All absorbance measurements were made with a spectrophotometer6, 
and fluorescence measurements were recorded at  room temperature with 
either a spectrophotofluorometer7 or a fluorornetera. Quartz cells (1 cm) 
were used in all fluorescence measurements. The solutions for the fluo- 
rescence titrations were prepared by adding 1.00 ml of albumin (-5 pM) 
to each of a series of 10-ml volumetric flasks. Various amounts of crocetin 
(0-9.00 ml of -10 pM) were added to the flasks which then were diluted 


~ 


b Either a Cary 219 by Varian or a Beckman model DB-GT. 
Turner model 430. 


8 Turner model 110. 


Molar Ratio of Relative Molar Ratio of Relative 
Crocetin to Fluores- Crocetin to Fluores- 


Bovine Plasma Albumin" cence Human Plasma Albuminb cence 


0.0 ... 


0.2 
0.5 
1.1 
2.2 


65 0.0 
66 0.2 
65 0.4 
68 0.9 
67 1.8 


4.5 64 ~~ ~~ 


6.7 63 
11.2 64 
15.7 55 


3.6 
5.4 
9.1 


12.7 


38 
35 
34 
38 
35 
40 
33 
25 
19 


20.2 51 16.4 12 


For Ypdmikk = 9.0, the concentration of bovine albumin was 0.51 pM at  pH 8.0. * For iPjmi,  = 8.0, the concentration of human albumin was 0.53 pM at  pH 
8.0. 


to 10.00 ml with buffer. This series gave crocetin to albumin ratioss (F) 
from zero to -20. All solutions were buffered at  pH 8.0 with a 0.01 M 
tromethamine bufferlo which contained 0.16 M NaCI. 


Sodium palmitate solutions were prepared by adding buffer solution 
to sodium palmitate'. The palmitate-albumin solutions were then pre- 
pared by adding the warm (60') standard palmitate solution dropwise 
to the albumin solutions while they were being stirred magnetically. The 
final palmitate-albumin solution was used either directly in a palmi- 
tate-albumin fluorescence titration or in a competitive palmitate-cro- 
cetin binding experiment. For the competitive binding experiment, 2.00 
ml of the palmitate-albumin solution was added to a 10-ml volumetric 
flask. After various amounts of crocetin were added, the solutions were 
diluted to the mark. In a similar procedure, crocetin-albumin solutions 
were used in competitive palmitate titrations. 


For the difference spectra, 3.00 ml of crocetin (-5 pM) was placed in 
standard 1-cm cells located in both the sample and reference beams. The 
difference spectra were recorded after 5-pl aliquots of albumin ( 4 . 5  mM) 
were added to the sample cell. 


All final solutions contained 0.01 M buffer and 0.16 M sodium chloride 
at  pH 8.0. All solutions, including the substrates (crocetin and palmitate) 
and the substrate-albumin preparations, were optically clear. All mea- 
surements were made a t  room temperature. 


RESULTS 
The fluorescence emission spectrum of both bovine and human plasma 


albumin were altered when crocetin was added to the solution. Figure 
1 illustrates the alteration for bovine albumin at  pH 8.0 and 0.53 pM. The 
excitation wavelength for these spectra was 280 nm. The relative fluo- 
rescence intensity for bovine albumin shifted and was strongly quenched 
as the crocetin concentration increased. This reduction in relative fluo- 
rescence intensity was strictly a reduction in the tryptophan fluorescence 
from albumin because no emission was observed from either free or al- 
bumin-hound crocetin at  room temperature. The shift in the wavelength 
of maximum fluorescence was only from 350 to 345 nm with excess cro- 
cetin. The maximum reduction in fluorescence intensity was 81% (U = 
21). 


Similar changes in the fluorescence spectrum of human plasma albu- 
min were observed. However, with human albumin, the tyrosine com- 
ponent of the luminescence is much more conspicuous, and it is impos- 
sible to determine if the tryptophan fluorescence spectrum is shifted. 
After excess crocetin is added to human albumin, the tyrosine emission 
is stronger than the tryptophan emission. The maximum reduction in 
fluorescence intensity was also 81% (V = 21) for human albumin. 


The extent of binding was evaluated by using the decrease in relative 
fluorescence intensity a t  350 nm (0.54 p M ,  pH 8.0). The entire fluores- 
cence spectrum was not recorded for most samples. 


The decrease in relative fluorescence intensity was nonlinear for both 
proteins with most of the change occurring before a molar ratio of -8. 
The intersection of lines drawn through the linear segments of the curves 
was used to determine this value. This procedure will also be employed 
in subsequent evaluations. 


Since these fluorescence titrations were performed at  an excitation 
wavelength of 280 nm and an emission wavelength of 350 nm, a filter 


9 The; value is the molar ratio of total acid (palmitic acid or crocetin) to total 
albumin present in the solution; v is the molar ratio of bound acid (palmitic acid 
or crocetin) to total albumin present in the solution. 


10 G. Frederick Smith Chemical Co. 
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Table 11-Effect of Palmitate on Albumin Fluorescence in the 
Presence of Crocetin 


Molar Ratio of 
Palmitate to Relative 


Human Plasma Albumin" Fluorescence 


0.0 
0.3 
0.7 
1.7 
3.5 
5.3 
6.6 
8.3 
9.2 


52 
51 
52 
52 
51 
51 
52 
56 
58 


a For V,,,,,tin = 3.5, the concentration of human albumin was 0.54 /.tM at pH 
8.0. 


fluoronieterL1 gave accurate and reproducihle results except in palmi- 
tat.e-albumin solutions wherei was >8. Under these elevated palmitate 
conditions, the relative fluorescence was higher than anticipated. There 
was a slight excitation emission crossover with this set of filters and it was 
assumed that the higher relative intensity values indicate scattering of 
radiation by palmitate micelles. This hypothesis could also explain why 
Spector and .John (20) observed that the absorbance of free fatty acid- 
albumin solutions was identical to that of an albumin solution of the same 
concentration to which no fatty acid was added where the; did not exceed 
a critical value (usually 7). This fluorescence anomaly with palmitate did 
not occur when a spectrophotofluorometer with narrow slits was em- 
ployed. 


Bovine plasma albumin was titrated with palmitate under the same 
experimental conditions as outlined for crocetin (pH 8.0 and albumin 
-0.5 F M ) .  The results for 0.62 p M  bovine albumin a t  pH 8.0 are shown 
i n  Fig. 2B. The results reported by Spector and John (20) are also pre- 
sented (0.10 mM bovine albumin a t  pH 7.4). The palmitate results for 
the two experimental conditions are similar. For both data sets most of 
the change occurred when the molar ratio of palmitate to albumin reached 
4. The maximum reduction in fluorescence intensity was 35% for the 
earlier study and 31% for the present study. 


Under their conditions (20-22), 99% or more of the palmitate present 
in solution is bound to albumin. When the association constant for the 
fourth binding site (6.78 X lo5 M - ' )  (22) is used in an equilibrium cal- 
culation where the first three palmitate ions are assumed to he 100% as- 
sociated, only 75% ofthe remaining palmitate should be hound to the 
albumin at  0.62 pM. However, the observed difference in the magnitude 
of fluorescence quenching between data sets is <lo%, suggesting that the 
level of palmitate binding a t  pH 8.0 and 0.62 p M  bovine albumin is 
greater than anticipated from the reported association constant. 


A large positive correction like the 432% value calculated for unbound 
palmitate association in human albumin solution (23) may also he nec- 
essary for bovine plasma albumin. These results along with earlier results 
for octanoate (24) and palmitate (20) indicate that free fatty acid binding 
is not strongly influenced by pH changes hetween 7.4 and 8.0. Conse- 
quently, the experimental conditions of pH 8.0 and 0.5 p M  albumin re- 
quired in this study should provide a valid assessment of long-chain acid 
binding to plasma albumin. 


Albumin was titrated with crocetin to which palmitate had been added. 
Both bovine (0.53 p M )  and human (0.54 p M )  plasma albumin were used 
i n  this series of competitive experiments a t  pH 8.0. First, palmitate was 
added to bovine albumin (V = 4.0) and then the solution was titrated with 
crocetin. The results for this experiment are shown in Fig. 2A and con- 
trasted with t.he curve for bovine albumin without palmitate. The lower 
curves in Fig. 2A are for human albumin with palmitate (V = 3.9) and 
without palmitate. 


In these experiments the maximum reduction in fluorescence intensity 
was 67 and 71'% for bovine and human albumin, respectively. The relative 
amounts of quenching from i = 4 to 21 in the experiments without pal- 
mit.ate were 73 and 70% for bovine and human albumin, respectively. The 
magnitude of fluorescence quenching between U (crocetin) = 4 to 21 is 
approximately the same when either palmitate or crocetin is hound to 
the protein in a 4:l molar ratio. This observation would tend to imply that 
crocetin hinds to plasma albumin by occupying the four strongest free 
fatty acid sites. The high-affinity free fatty acid binding sites of albumin 
were then saturated with palmitate and the solutions were later titrated 
with crocetin. The resulk for bovine albumin (0.51 p M ,  U = 9.0 for added 


Turner filters; 7-54 (excitation) and 7-60 (emission). 
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Figure 3-A typical difference spectrum for the bouine plasma albu- 
min-crocetin system where AA is the maximum positive absorbance 
a t  465 nm. The bouine plasma albumin-rrocetin complex i c m  located 
in the sample cell and a solution of crocetin with the same concmfration 
uias located in the reference cell. 


palmitate) and human albumin (0.53 p M ,  V = 8.6 for added palmitate) 
are given in Table I. No significant change in the relative fluorescence 
intensity was observed until the crocetin molar ratio became greater than 
10. At this point, crocetin started to replace part of the bound palmitate 
because there was a decrease in relative fluorescence intensity. 


I n  a second competitive experiment, albumin was titrated with pal- 
mitate to which crocetin had been added. The results for bovine plasma 
albumin (V,,,,,,tin = 1.7 and 7.1) are shown i n  Fig. 2C. The maximum re- 
duction in fluorescence intensity (V,,,,,,tin = 1.7) was 16%. The relative 
amount of quenching from; = 1.7 to 6.8 in the experiment without cro- 
cetin (Fig. 2)  was 18%. Most of the change occured before a molar ratio 
(palmitate to albumin) o f  2 was reached. When this value is included with 
I;crt,cetin = 1.7, the sum is similar to V = 3.6 for the pa1mitat.e titration 
without crocetin (Fig. 2B). Thus, the magnitude of fluorescence 
quenching from Vp81mltate = 1.7 to 6.8 was about the same when either 
crocetin or palmitate was bound to the protein in a 1.7:l molar ratio. Most 
of the reduction in fluorescence occurred before V = 3.6 under both ex- 
perimental conditions. 


For the more concentrated crocetin (V = 7.1), no change in fluorescence 
intensity was observed untilUpalmitate was -8. Above 8, a slight increase 
i n  intensity was observed. This same observation was made when pal- 
mitate was added to human plasma albumin to which crocetin had been 
added. The results for human albumin (VCrocetin = 3.5) are presented in 
Table 11. There is a very slight increase in the relative fluorescence after 
Vpalmltate reaches 8. The data for these competitive binding experiments 
support the previous proposition that crocetin binds to the regular free 
fatty acid binding sites. 


Changes in the UV absorption spectra of hovine and human plasma 
albumin occur when crocetin is atlded to the solution. There is also a 
change in the visible ahsorption spectrum of crocetin when mixed with 
the proteins. The changes in the UV spectra of  proteins have been used 
to study the binding of  lauryl sulfate (25) hut at  the concentration levels 
required for crocetin the changes were exceedingly small, which prevented 
the collection of meaningful data. However, the change in the visible 
absorption spectrum was used to estimate the binding constants for 
crocetin. 


When bound to either human or bovine plasma albumin, the charac- 
teristic absorption spectrum of crocetin was observed, but A,,, shifted 
from 420 nm to longer wavelengths. The magnitude of the shift is pro- 
portional to the albumin to crocetin ratio until it reaches a maximum 
value of -427 nm. Experimentally, the shift was measured by comparing 
the spectrum of the crocetin-albumin complex to the spectrum of 
aqueous crocetin of the same concentration. The difference spectrum was 
recorded automatically using a double-beam instrument. A typical dif- 
ference spectrum for the bovine albumin-crocetin system is illustrated 
in Fig. 3. The magnitude of the spectral shift was recorded as AA which 
is the maximum positive absorbance at 465 nm. 
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Figure 4-The changes in the absorption spectra of crocetin (5.0 pM, 
pH 8.0) on binding albumin. Figure 4A shows the effect of bovine albu- 
min (0) and human albumin (A) on the absorption maximum of cro- 
cetin as measured by AA. The horizontal lines represent AAmaX. Figure 
4B shows Scatchard analysis of the data presented in Fig. 4A. Key: 0, 
bovine albumin; and A, human albumin. It was assumed that the 
maximal AA represents 100% binding. The free crocetin concentration 
is given by C = (1 - AAlAmaz) X 5.0 pM. Albumin was added as mi- 
croliter aliquots to the sample cell from a stock solution. The lines il- 
lustrate the slopes used to determine binding constants. 


Data obtained for crocetin (5.0 pM) binding to bovine albumin and 
for crocetin (4.2 pM) binding to human albumin a t  room temperature 
and pH 8.0 are shown in Fig. 4. The increase in AA is shown in Fig. 4A. 
The initial linear increase in AA extrapolates to a maximal value of -0.7 
mole of bovine albumin and 0.9 mole of human albumidmole of crocetin. 
There is no additional increase in AA when bovine albumin exceeds the 
ratio of 1.6 moles of albuminlmole of crocetin or human albumin exceeds 
a ratio of 2. This result was interpreted to indicate that no further binding 
occurs and that under these experimental conditions, only a vanishingly 
small amount of free crocetin remains in solution. 


A Scatchard plot (26) derived from the data of Fig. 4A is shown in Fig. 
4B. It was assumed that maximal AA represents 100% binding. Therefore, 
the percentage of crocetin binding was determined by AAIAA,,, X 
100. 


The slope of a Scatchard plot is the binding constant, and a nonlinear 
curve indicates either nonequivalent binding sites or site-site interac- 
tions. Data is limited to  the region between v = 0.4 and 1.7 because of 
experimental conditions. The slope (binding constant) for bovine albumin 
a t  Y = 1 is 9 X lo6 M-l. The second site has a binding constant on the 
order of 3 X lo5 M-l. The fluorescence experiments indicated that there 
are several additional sites that  are not observed under these experi- 
mental conditions. The binding data for human albumin is similar, but 
the slope on the Scatchard plot is not as steep. The slope (binding con- 
stant) a t  u = 1 is 4 X 106 M-l. The second binding site constant could not 
be evaluated for human albumin. 
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Figure 5-Fluorescence spectrum of 0.57 p M  bovine plasma albumin 
excited a t  280 nm (A). The absorption spectrum of 3.3 pM crocetin (B). 
Both solutions were prepared with 0.01 M buffer and 0.16 M NaCl a t  
pH8. 


The experimental strategy of these binding experiments involved 
varying the albumin concentration while maintaining the crocetin con- 
centration constant. With the addition of 55 pl of albumin to 3.00 ml of 
crocetin solution, the crocetin concentration was reduced by 1.6%. This 
small decrease in concentration did not significantly alter the absorbance 
of the sample. For 55 p1 of albumin, the decrease in absorbance a t  465 nm 
was only 0.002, and AA was corrected for this small change. 


The range of values for the binding of the first 2 moles of crocetin to 
albumin (105-107 M-l)  was somewhat less than the range of values ob- 
tained for the binding of other long-chain fatty acids (6) and conjugated 
polyene fatty acids (27,28). Nonetheless, the evidence clearly indicates 
a similarity in the binding of crocetin and other long-chain fatty acids 
to plasma albumin. 


DISCUSSION 


During the preliminary binding studies, some of the properties of 
crocetin in aqueous solution were examined. Spectrometric titration data 
a t  420 nm indicated that a time-dependent rearrangement occurs. When 
the time interval between pH and absorbance measurements increased, 
the equivalence point in the titration curve (A versus pH) shifted to a 
higher pH. On the high pH plateau, the solution was bright yellow; the 
spectrum observed is shown in Fig. 5. When the pH was lowered into the 
low pH plateau, a new band a t  either 297 or 360 nm was observed. Solu- 
tion conditions determine which band is established after acid is added. 
Molecular aggregation by either micelle or liquid crystal formation may 
occur below pH 7.5. 


The spectra of buffered crocetin solutions were monitored for 41 days. 
At pH 7.43, the absorbance dropped more than 50% in 21 hr. By the end 
of 41 days, the solution was clear with essentially no absorption above 
200 nm. The process is reversible because the initial yellow color and 
spectrum returned when the pH was increased to 8.94 a t  the end of the 
41 days. A much slower irreversible reduction in absorption was observed 
for a solution buffered at pH 8.66. This reduction is most likely a result 
of decomposition brought on by the higher hydroxide ion concentration. 
The hydroxide ion could attack a central carbon-carbon double bond and 
cause a cleavage of the molecule in a process analogous to the p-caro- 
tene-vitamin A process. The reversible loss of color with time is baf- 
fling. 


The reversible color change and molecular aggregation prevented 
continuation of the binding study a t  pH 7.5. The lowest possible value 
on the high pH plateau was selected (pH 8.0). When the concentration 
of crocetin is increased above 2 X M at pH 8, a yellow precipitate 
forms. This restricted the binding studies to the concentration range 
presented previously. Finally, binding studies by equilibrium dialysis 
are not possible because crocetin binds very strongly to the dialysis 
membrane. 


Fluorescence spectroscopy is one of the most useful tools for energy 
transfer studies. The conditions required for long-range energy transfer 
in proteins have been summarized (29) and energy transfer data has been 
used to calculate the mean distance between the tryptophan residue of 
human albumin and conjugated linear polyene fatty acids (28). A pre- 
requisite for energy transfer is that the absorption spectrum of the energy 
acceptor must overlay the fluorescence spectrum of the donor. Figure 5 
shows that this prerequisite is met in the binding of crocetin. 


The magnitude of the fluorescence quenching observed for crocetin 
binding to bovine and human plasma albumin is greater than that ob- 
served for long-chain fatty acids. The maximum reduction in fluorescence 
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intensity for crocetin binding to both proteins was 81%, while the maxi- 
mum reduction reported for free fatty acid binding was 45% [oleate and 
other free fatty acids are less than 45% (20)]. However, the degree of 
quenching is similar to that reported for polyene fatty acids bound to 
albumin (-68 and 90% for cis-eleostearic and cis-parinaric acids for 
bovine albumin, respectively (27), and -61 and 8470, respectively, for 
human albumin) (28). 


Since crocetin has a carboxyl group a t  both ends of the hydrocarbon 
chain, one might anticipate that the structural changes within the non- 
polar binding pocket would be more dramatic. This would translate as 
greater changes in the tryptophan environment and, in turn, greater 
fluorescence quenching. Because the monocarboxylic polyene acids 
produce similar quenching and because the strongest hydrophobic in- 
teractions probably occur along the carbon chain and not a t  the deepest 
point of penetration within the binding pocket, we conclude that radia- 
tionless energy transfer causes most of the fluorescence quenching. 
However, this does not preclude the possibility of greater structural 
changes when crocetin binds to albumin. The highly efficient energy 
transfer process conceals any additional quenching due to structural 
changes, but the blue shift in the fluorescence of bovine albumin illus- 
trates that  there are environmental changes that occur as crocetin 
binds. 


The results clearly indicate that crocetin binds strongly to albumin. 
Competitive binding experiments with palmitate suggest that  crocetin 
binds to the same albumin binding sites that  are employed by free fatty 
acids. When crocetin is added to whole blood in uitro, its visible ab- 
sorption spectrum is red shifted, indicating albumin binding. From these 
results i t  is suggested that plasma albumin may serve as the primary 
transport vehicle for crocetin. Other possibilities, such as plasma lipo- 
protein transport, cannot be eliminated a t  this time, but regardless of 
the transport vehicle, only exceedingly small quantities of free, unbound 
crocetin can be present in the plasma. Thus, the mechanism by which 
crocetin reduces the effects of experimental atherosclerosis and increases 
oxygen diffusivity must reflect strong plasma albumin binding. There 
are a number of possible mechanisms. First, the increase in oxygen dif- 
fusivity could be a direct consequence of crocetin binding to the albumin. 
An increase in the level of plasma protein results in a large decrease in 
the diffusion rate of oxygen through blood plasma (10). However, crocetin 
was found to bring about a large increase in the oxygen diffusivity in 
plasma, even in the presence of increased plasma protein levels (8). By 
binding to albumin, crocetin may offset the decrease in diffusivity which 
would otherwise occur. There are other more indirect mechanisms that 
may be responsible for crocetin’s observed activity. On a purely specu- 
lative basis the following possibilities are proposed (a )  a rearrangement 
of crocetin to form a pseudoprostaglandin, initiated by free radical per- 
oxidation, (b )  crocetin or crocetin-cholesterol liquid crystal formation, 
(c) membrane interactions, or (d) perhaps the involvement of the mo- 
lecular species responsible for the reversible color change. 
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Table I-Equations for J-rX dt and SrX dt/Dose for Various 
Modes of Drug Administration 


Mode of 
Administration J t X  dt  J t X  &/dose 


Intravenous bolus 0 0 
Intravenous koT2/2" T/2 


infusion 
First-order input F doselk. 
Simultaneous bolus kot 2/2 


plus infusion 


a See Eqs. 4 and 6. See Eqs. 5 and 7. See Eq. 13. Subscript 1 refers to the 
first infusion, and subscript 2 refers to the second infusion. 


(1). Substitution of koT2/2 for J,"Xdt (see Eq. 6 )  in Eq. 
8, and recognizing that koT equals dose, yields the fol- 
lowing equation for V,, for infusion data (6): 


V dose AUMC =-(--3=dose7-- AUMC Tdose (Eq. 11) 
'' AUC A U C  AUC 2 A U C  


If a case were to arise where input was first-order: 
AUMC Fdose 


= F dose (Eq. 12) A U C  k, A U C  
- - 


If a value of F is not available, V,,IF rather than V,, 
would be calculated. As is apparent, information other 
than areas is required to determine V,, where input is other 
than a bolus. 


Administration of drug by multiple modes, for example, 
a simultaneous bolus plus an infusion, or consecutive 
infusions, may yield concentration-time data from which 
it may be desirable to estimate V,,. Equation 9 in con- 
junction with a more general form of Eq. 8 may be used: 


Table 11-Calculation of V, for Various Modes of 
Administration. 


(Es. 13) 


Mode of A U C .  A U M C .  AUC 
"I 


Administration (pglrnl j h r  (rg/ml) hrz hr hr  L 


IV bolus, 1000.Od 25002.5= 25.0 0 25.0 


IV infusion, 1000.0 26002.5f 26.0 1.0 25.0 


First-order 1000.0 25716.89 25.7 0.7 25.0 


500 mg 


250 mg/hr 
over 2 hr 


administration. 
500mg, F = 1, 
k, = 1.4 hr-I 


infusion, 
500 mg bolus 
plus 250 mg/hr 
over 2 hr 


infusions, 
250 mg/hr over 
2 hr followed 
by 41.67 m g h r  
over 6 hr 


Bolus plus 2000.0 51005.0h 25.5 0.5 25.0 


Two consecutive 1500.0 40003.7' 26.7 1.7 25.0 


a Calculations based on equation, C + Aze-Xst, where A1 = 60.9545 
pglml, A1 = 5.0605 hr-l, Az = 39.0459 pglml and XZ = 0.03952 hr-1 following a 
500-mg bolus dose. AUC = Z'?,,Ai/X,. ' AUMC = 
Z?-iAi/Xf. f AUMC = Z ~ , , A I / X ~  + T AUCIP. 8 AUMC = dlk: + kaA1/X:(k. - 
A d  + k.Az/Xf(k. - Xz), where N = k. dose (kz l  - k,)lV,(X1 - k,) (Xz - kp). 


Equals c plus d. ' Use c for two different infusion rates, and add the resulting 
numbers. Note that only one-half the dose was given on the second infusion. 


See Table I. c See Eq. 13. 


In Eq. 13, AUMC and AUC are the total areas under the 
resulting t C uersus time and C uersus time curves, and can 
be determined in the same manner as outlined for intra- 
venous bolus data (1). The second term on the right hand 
side of Eq. 13 can be readily solved as the numerator is 
simply the sum of the J ; X d t  values for each mode of ad- 
ministration, and the denominator is the total dose ad- 
ministered by all modes of administration. Examples are 
illustrated in Table I. 


The V,, was determined for the various modes of ad- 
ministration outlined in Table I, utilizing the same data 
as employed by Benet and Galeazzi (1). All calculations 
were performed from explicit equations and are presented 
in Table 11. Explicit equations were used to illustrate the 
validity of the relationships presented here. Estimation 
of the areas, AUC and AUMC, from time zero to the first 
point of the postabsorption andlor postdistribution phase 
with the linear or logarithmic trapezoidal rule, and from 
this latter point to time infinity using explicit equations 
(1) would yield values which vary from the theoretical 
values. Such variability is primarily due to inherent errors 
in the methods used to estimate the areas. However, the 
values obtained would be as reliable as those calculated 
using traditional methods of data analysis. 
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Albumin Does Not Mediate the Removal of 
Taurocholate by the Rat Liver 


Keyphrases 0 Albumin-effect on removal of taurocholate from liver 
0 Taurocholate-removal from liver not mediated by albumin 


T o  the Editor: 
In a recent article by Forker and Luxon (l), the authors 


discuss what they refer to as a contradiction in liver ex- 
traction as a function of albumin concentration and tau- 
rocholate free concentration. The authors have failed to 
relate their experimental observations to a fundamental 
clearance concept (2):  
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(Eq. 1) 


Equation 1 can be rearranged to yield: 


(Eq. 2) 


where F/ is the free fraction (rather than free concentra- 
tion) of drug in perfusate, E is the extraction ratio, Q is 
perfusate flow, and C b  is intrinsic clearance by the per- 
fused organ. Using Eq. 2 and the mean data presented by 
the authors in Tables I and I1 of their paper (l), (e.g., Q = 
4.81 ml/min/g when Ff = 0.57 and E = 0.97 and Q = 4.55 
ml/min/g when F f  = 0.11 and E = 0.86), it is apparent that 
the intrinsic organ clearances are comparable, i .e. ,  C1I = 
273 and 254 ml/min/g, respectively. The similarity of these 
intrinsic clearance values indicates that the data generated 
by Forker and Luxon are consistent with, rather than di- 
vergent from, conventional pharmacokinetic theory and 
that liver uptake can be predicted using free fraction in 
perfusate and Eq. 2. Therefore, it is apparent that albumin 
does not mediate the removal of taurocholate by rat 
liver. 


E Q  
Ff (1 - E )  


ClI = 


(1) E. L. Forker and B. A. Luxon, J. Clin. Inuest.,  67,1517 (1981). 
( 2 )  G. R. Wilkinson and D. G. Shand, Clin. Pharmacol. Ther., 18,377 


(1975). 
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Effect of Plasma Protein Binding on 
Clearance of Drugs Metabolized by 
Michaelis-Menten Kinetics 


Keyphrases Plasma protein binding-effect on clearance of drugs 
metabolized by Michaelis-Menten kinetics 0 Michaelis-Menten ki- 
netics-drug metabolism, effect of plasma protein binding 


To the Editor: 


It is generally known that restrictively bound drugs 
exhibit increasing clearances as the unbound concentration 
increases (1-3). However, the applicability of this concept 
to restrictively bound drugs which are subject to Michae- 
lis-Menten rather than first-order kinetics has not received 
much attention. Consider a drug cleared exclusively by the 
liver. If the enzymes mediating its metabolism are satu- 
rable and metabolism is further limited by availability of 
unbound drug, the intrinsic clearance of unbound drug can 
be described as (4): 


(Eq. 1) 


where Clint is intrinsic clearance of unbound drug, Vmax is 
the maximum velocity of the drug metabolizing enzyme, 
K,,, is the concentration of unbound drug in plasma when 
the rate of metabolism is Vma,/2, Css is the average 


Vmax 
= 


K ,  + acs,, 


steady-state plasma concentration of total drug, and a is 
the unbound fraction'. Equation 1 can be rewritten as 
follows: 


(Eq. 2) 


For a restrictively bound drug eliminated by a single 
clearing organ, organ clearance and total clearance can be 
defined in terms of intrinsic organ clearance and the un- 
bound fraction of drug (5) as follows: 


C l b t  = a (Eq. 3) 


Equation 2 can be rewritten in terms of Cltot as fol- 
lows: 


Vmara 


a - + c,, 
G o t  = 


I2 - 1  
which simplifies to: 


(Eq. 4) 


(Eq. 5) 


Equation 5 shows that Cltot will increase as a increases, 
but the magnitude of the increase depends on the values 
of VmU, K,, and css. Moreover, for a drug such as pheny- 
toin which is restrictively bound and metabolized by a 
saturable oxidase, the reported values for K,,, (6) are really 
apparent K,,, values rather than true K ,  values, since they 
are calculated on the basis of total rather than unbound 
concentrations. Actual K ,  would be given by: 


Km = Krn a p p a  (Eq. 6) 


where K,,, app is the apparent K,. Thus, it should be noted 
that for a restrictively bound drug: 


(Eq. 7) 


The impact of changes in a on Cltot become more pro- 
nounced as K ,  increases as shown in Fig. 1. The rela- 
tionship between C1ioJCltot versus a is unaffected by 
changes in V,,,. 


Several investigators have shown increased clearances 
for phenytoin corresponding to increases in the free frac- 
tion of the drug. Shand et al. (7) perfused phenytoin 
through isolated rat liver, varying the albumin concen- 
tration of the perfusate and consequently the unbound 
fraction. Their data show a relationship between Cltot and 
a similar to that in Fig. 2. Gugler and coworkers (8) re- 
ported a doubling of the free fraction and Cltot in six hy- 
poalbuminemic nephrotic patients compared with six 
control subjects. However, average steady-state concen- 
trations of total drug were 6.8 and 2.9 mgfliter for controls 
and nephrotics, respectively, well below the concentrations 
necessary to saturate the phenytoin oxidase. When CS, << 
K,/a, Eq. 7 simplifies to: 


Vmax 


K m  app + Css 
Cltot = 


(Eq. 8) . 
Vmax 


a t o t  = a- 
Krn 


If plasma levels are sufficiently high so that metabolism 


Clint is intrinsic clearance of unbound drug as defined by Wilkinson and Shand 
[G. Wilkinson and D. Shand, Clin. Pharnacol. "her. 18, 377 (197511, and is 
equivalent to Clint of Rowland et al. (4). 
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GLC Method for Iminodibenzyl and Desipramine 
Impurities in Imipramine Hydrochloride and Its 
Formulated Products 


DON W. THOMPSON 
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Abstract  0 A GLC method is described for the determination of imi- 
nodihenzyl and desipramine impurities in imipramine hydrochloride and 
its formulated products. These impurities were extracted from an alkaline 
solution with a mixture of 30% metbylene chloride in hexane for chro- 
matography on a 3% OV-17 GLC column. Iminodibenzyl was determined 
using anthracene as an internal standard and desipramine was deter- 
mined (after derivatization) using nortriptyline as an internal standard. 
Based on spiked excipient mixtures typically used to compound im- 
ipramine tablets, recoveries were 93-109% for iminodibenzyl and 93-107% 
for desipramine a t  0.2-0.4% of the labeled claim of imipramine. Minimum 
detection levels were 4.02% for each impurity, and procedural standards 
gave coefficients of variation of <1% for each impurity. The method was 
linear in the 0.05-0.5 pg range and typically gave correlation coefficients 
20.999. 


Keyphrases 0 Imipramine-GLC method for determining iminodi- 
benzyl and desipramine impurities, drug substance and formulated 
products 0 GLC-determination of iminodibenzyl and desipramine 
impurities in imipramine and its formulated products 0 Antidepres- 
sants-GLC determination of iminodibenzyl and desipramine impurities 
in imipramine and its formulated products 0 Desipramine-as an im- 
purity in imipramine, determined by GLC 


A determination of the kinds and amounts of organic 
impurities in drugs and drug formulations is a measure of 
both product stability and good manufacturing practices. 
Impurities may be present as by-products of synthesis, 
inadequate purification after synthesis, or from decom- 
position due to  improper storage and handling. 


It would be highly impractical to  analyze for all of the 
possible organic impurities that might be present in im- 
ipramine and its formulated products. The present study 
determined which imipramine impurities might be indi- 
cators of both product stability and good manufacturing 
practices and developed an analytical system capable of 
measuring one or more of these impurities. 


Several investigators have reported analytical proce- 
dures for imipramine and its related compounds using 
techniques such as GLC (1-6), GC-mass spectrometry 
(7-101, TLC (11-151, HPLC (16-201, and spectrophoto- 
metric methods (21-24). However, these reports primarily 
applied to the analysis of imipramine and its biological 
metabolites rather than the analysis of impurities in the 
drug substance. 


Other investigators have reported impurities in im- 
ipramine and its formulated products by TLC. Adank and 
Hammerschmidt (25) reported the presence of eight im- 
purities in commercial imipramine drug substance with 
total impurities < 0.2% and no single entity > 0.05%. The  
presence of similar amounts and kinds of impurities in 
commercial clomipramine (a compound structurally re- 
lated to imipramine) was also reported (26). McErlane et 
al. (27) performed a study on impurities in imipramine, 
desipramine, and their formulations. When 19 lots of im- 
ipramine tablets from seven manufacturers were tested, 
five impurities were detected. Two of the major impurities 


were iminodibenzyl and desipramine a t  levels of up to 0.3% 
of the labeled claim of the drug. 


A recent study (28) reported relatively high levels of 
impurities in imipramine samples taken from a hospital 
pharmacy in Richmond, Virginia. Iminodibenzyl levels of 
up to  2.8% and desipramine levels of up to  3.2% by GC- 
mass spectrometry techniques were reported. These results 
appear high when compared with this and previous studies 
(25-27). 


The present report describes a GLC procedure for the 
quantitative determination of two major imipramine im- 
purities, iminodibenzyl and desipramine, which appear to 
be indicators of product stability and good manufacturing 
practices. 


EXPERIMENTAL 


Materials-Desipramine hydrochloride, nortriptyline hydrochloride, 
and iminodibenzyl were the respective USP or NF reference standards. 
Reagent grade anthracene' was used as received. All other reagents and 
solvents were analytical reagent grade. 


Apparatus-Analyses were performed on a gas chromatograph' 
equipped with a flame ionization detector and a strip chart recorder'. Air 
and hydrogen flow rates were set to maximize the detector response. The 
amplifier sensitivity settings were generally 3-6 X lo-'" amps full 
scale. 


Column-A 1.8-m (6 f t )  X 2-mm glass column packed with 3% OV-17 
on 100-120 mesh Gas Chrom Q was conditioned overnight a t  260" with 
nitrogen flow. The column temperature was maintained a t  190" for the 
iminodibenzyl determination and 240' for the desipramine determina- 
tion. The injection port and detector temperatures were held at  250'. 
Nitrogen was used as the carrier gas a t  40 ml/min. 


Edetate  Disodium Solution-Four grams of ACS edetate disodium 
was dissolved in 50 ml of 1.5 N NaOH. 


Internal  Standard Solution-Approximately 4 mg of USP nort- 
riptyline hydrochloride reference standard and -2.5 mg of reagent grade 
anthracene were dissolved in 60 ml of methylene chloride. This was di- 
luted to 200 ml with hexane and mixed thoroughly. 


Standard Preparation-Approximately 2.5 mg each of USP reference 
iminodibenzyl and desipramine standards (accurately weighed) were 
dissolved in methanol and diluted to volume in a 5-ml volumetric flask 
(prepare fresh daily). Aliquots (100, 200, and 300 p l )  of the standard 
preparation were then transferred to separate 15-ml test tubes fitted with 
polytef-lined screw caps. Each was evaporated to dryness using a nitrogen 
stream and gentle heat. 


Procedure-A portion of imipramine hydrochloride drug substance, 
tablets or injection, equivalent to -50 mg of imipramine hydrochloride 
was accurately weighed and transferred to a 15-1111 test tube with a poly- 
tef-lined screw cap. The internal standard solution (5 ml) and 5 ml of the 
edetate disodium solution were added (for the injection, substitute 2 ml 
of 10% NaOH plus 400 mg of edetate disodium). The solution was shaken 
vigorously for 5 min and centrifuged until the upper organic layer was 
clear. A 4-4.5 ml portion of the upper layer was transferred to a tapered 
15-ml centrifuge tube and evaporated to 0.5-1 ml using nitrogen and 
gentle heat. To equilibrate t,he system, 1-2 pl ofthis sample extract was 
injected into the gas chromatograph three or more times prior to quan- 
titation. 


Eastman Kodak GI., Rochester, N Y 
Perkin-Elmer Model 900. 
Perkin-Elmer Model 56. 
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Table I-Tabulation of Recoveries on Synthetic Tablet  
Formulations 


P,g> 
Pg? Desipra- 


Imino- %, mine %, 
dibenzyl Imino- Added per Desipra- 


Manu- Added per dibenzyl 50 mg mine 
facturer/ 50 mg Recov- Imipra- Recov- 
Number Imipramine ered mine ered 


I '  


I 1  
2 
3 
4 
5 


I1 1 
2 
3 
4 
5 


I11 1 
2 
3 
4 
5 


IV 1 
2 
3 
4 
5 


V l  
2 
3 
4 
5 


Mean 
SD 


100 
100 
150 
200 
200 
150 
150 
150 
150 
150 
100 
100 
150 
200 
200 
100 
100 
150 
200 
200 
100 
100 
150 
200 
200 


102 
99 


104 
100 
104 
102 
102 
97 


109 
101 
94 
97 
98 
97 
98 
93 
98 


102 
99 
98 
99 


102 
102 
99 
99 
99.8 


3.4 


100 
100 
150 
200 
200 
150 
150 
150 
150 
150 
100 
100 
150 
200 
200 
100 
100 
150 
200 
200 
100 
100 
150 
200 
200 


93 
104 
94 


100 
104 
102 
104 
104 
104 
105 
104 
105 
107 
105 
107 
101 
102 
101 
102 
106 
105 
100 
101 
103 
104 
102.7 


3.4 


a Excipient mixtures typically used to compound imipramine tablets. 


The peak height ratios of iminodibenzyl to anthracene internal stan- 
dard uersus concentration for the calibration curve was plotted. 


After the iminodibenzyl determination, 0.5 ml of methylene chloride 
and 5-7 drops of reagent grade acetic anhydride were added to the sample 
and standard extracts. This solution was mixed thoroughly and allowed 
to stand a t  room temperature for -5 min. Then, 0.5 ml of methanol was 
added, mixed, and evaporated to dryness using a nitrogen stream and 
moderate heat (steam bath). The residue was dissolved in -1 ml of 30% 
methylene chloride in hexane. 


The GC column was maintained at 240" for the desipramine calibration 
curve, as previously described for iminodibenzyl, using peak height ratios 
of desipramine to nortriptyline internal standard. 


RESULTS AND DISCUSSION 


The TLC systems reported previously for imipramine and its im- 
purities (25-27) showed good separations and adequate sensitivities for 
all the compounds when applied to an examination of imipramine drug 
substance and some commercial products. Eight impurities were detected 
a t  levels of 50.3% based on spot size and intensity. The predominant 
impurities were shown to be iminodibenzyl and desipramine. Additional 
examination of some commercial products by TLC, GLC, and GC-mass 
spectrometry in this laboratory did not reveal any impurities other than 
those reported previously. 


Preliminary decomposition studies were conducted to determine the 
conditions necessary for the formation of iminodibenzyl and desipramine 
impurities in imipramine drug substance. Imipramine was heated a t  100' 
in 0.1 N HCI for 3 hr with a current of air flowing over the surface. This 
treatment was followed by a 15-min exposure to long-wave UV light. TLC 
examination of the treated imipramine drug substance, compared to a 
nontreated sample, revealed a significant increase in both iminodibenzyl 
and desipramine content based on Rf values and spot intensity. The 
chromatogram of the treated sample was similar to that of a nontreated 
commercial imipramine tablet in that  a t  least eight different known de- 
composition products were observed. 


In another decomposition study, pure (by TLC) imipramine free base 
was exposed to normal laboratory fluorescent lighting and/or air for 72 
hr on a silica gel TLC plate. At the end of this exposure period, the im- 
ipramine was extracted with methanol to be rechromatographed. The 
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Figure 1-Gas chromatogram of a commercial imipramine hydro- 
chloride tablet extract at a column temperature of 190" prior to deri- 
uatiuation (left).  The chromatogram on the right is the same extract at 
a column temperature of 240" after deriuatization. 


imipramine exposed only to fluorescent light showed no discoloration 
and indicated only a trace of an impurity a t  the sameRf value as that of 
desipramine. The imipramine exposed to both the fluorescent lighting 
and air showed considerable discoloration and five additional spots on 
TLC. The predominant spots were those corresponding in Rf value to 
iminodibenzyl and desipramine. Although the presence of both imino- 
dibenzyl and desipramine was confirmed by GC-mass spectrometry, the 
predominant compound present a t  the Rf value for iminodibenzyl had 
a molecular weight of 240 and is currently unidentified. Because chro- 
matographically pure imipramine free base was used, it would appear 
that  the unidentified compound is definitely related to imipramine. In- 
terestingly, no compound with a molecular weight of 240 was detected 
in any of the commercial products examined in this study. 


The decomposition studies indicated that there is a probability of some 
type of decomposition occurring in imipramine if adequate control of 
heat, light, air, and moisture is not used during commercial product 
formulation. In addition, iminodibenzyl and possibly desipramine may 
be present as part of these decomposition products. 


The GLC procedure used offers comparable sensitivity to TLC 
(-0.02-0.04% impurities based on the labeled claim of imipramine) and 
considerable improvement over TLC in accuracy and precision. The 
method is linear in the 0.05-0.5 ~g range and standard curves typically 
give correlation coefficients of 20.999. Procedural standards gave coef- 
ficients of variation of <1% for each impurity. The uncertainty of quan- 
titation of impurities by TLC using spot size and intensity was estimated 
to be f30%. 


Two commercial tablet products were encountered which consistently 
gave low iminodibenzyl and desipramine recoveries. Further study re- 
vealed that calcium salts were present as high percentage excipients in 
the two products in question. Additional recovery studies using only 
iminodibenzyl and desipramine standards and the calcium salts revealed 
that calcium was indeed interfering with the assay. Several techniques 
such as multiple extractions, pH adjustments, and salting out were all 
used without success. Edetate disodium was finally added to complex 
the calcium and this provided successful assay results. 


Excipient mixtures used to compound imipramine tablets from five 
different manufacturers were spiked with iminodibenzyl and desipramine 
a t  three concentration levels (Table I) and assayed in quintuplicate as 
a measure of precision and accuracy. Recoveries for iminodibenzyl ranged 
from 93 to 109% with a mean of 99.8% and a standard deviation of 3.4%. 
Recoveries for desipramine ranged from 93 to 107% with a mean of 102.7% 
and a standard deviation of 3.4%. A typical chromatogram of a com- 
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Table 11-Impurities in Imipramine Tablets, Injection, and Drug  
Substance * 


Iminodibenzyl, Desipramine, 
Brand Product Strength % % 


A a 50 mg 0.47 0.13 
a 25 mg 0.35 0.15 
a 10 mg 013 0.13 


B a 50 mg 0.05 0.05 
a 25 mg 0.05 0.09 
a 10 mg 0.18 0.13 


C a 50 mg 0.08 0.16 
a 25 mg 0.10 0.09 
a 10 mp 0.22 0.11 


D a 50 m i  
a 25 mg 


E a 50 mg 
a 25 mg 


F a 50 me 


0.04 0.11 
0.07 0.09 
0.08 0.07 
0.05 0.06 
0.08 0.06 


a 25 m i  0.04 0.05 
a 10 mg 0.07 0.09 


G a 50 mg 0.37 0.12 
H b 12.5 melml 0.08 0.07 
I C NIA 0.06 0.10 
J C NIA 0.03 0.08 


Product a, tablet; product b, injection; and product c, drug substance. 


mercial tablet extract shown in Fig. 1 demonstrates that  adequate sep- 
aration is achieved for all compounds. The increased retention time of 
the desipramine derivative is apparent from the relative locations of 
imipramine in each chromatogram. 


The reactions of desipramine and nortriptyline with acetic anhydride 
to form their respective derivatives appear to be quantitative within 5 
min based on the absence of underivatized desipramine and nortriptyline 
peaks in the gas chromatogram. Iminodibenzyl does not form the deriv- 
ative under the conditions used in the method, nor with moderate heat 
(-looo). 


No interfering GLC peaks were detected in any commercial products 
a t  the retention times of the anthracene and nortriptyline internal 
standards. 


A tabulation of iminodibenzyl and desipramine levels found in some 
commercial products is shown in Table 11. Wide variations in impurity 
levels were found for the various products and manufacturers. There are 
currently no USP limits for either iminodibenzyl or desipramine in tablets 
or injections and only a limit of 0.1% of iminodibenzyl in imipramine drug 
substance USP. Since imipramine USP was used in the manufacturing 
of the products studied, some decomposition must have occurred either 
in the manufacturing process or because of instability of the finished 
product. Interestingly, product C was found to contain more iminodi- 
benzyl(O.37%) 3 years prior to its expiration date, whereas product A (50 
mg) contained only a small amount of iminodibenzyl (0.08%) within 3 
months of its expiration date. 
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(Eq. 1) 


Equation 1 can be rearranged to yield: 


(Eq. 2) 


where F/ is the free fraction (rather than free concentra- 
tion) of drug in perfusate, E is the extraction ratio, Q is 
perfusate flow, and C b  is intrinsic clearance by the per- 
fused organ. Using Eq. 2 and the mean data presented by 
the authors in Tables I and I1 of their paper (l), (e.g., Q = 
4.81 ml/min/g when Ff = 0.57 and E = 0.97 and Q = 4.55 
ml/min/g when F f  = 0.11 and E = 0.86), it is apparent that 
the intrinsic organ clearances are comparable, i .e. ,  C1I = 
273 and 254 ml/min/g, respectively. The similarity of these 
intrinsic clearance values indicates that the data generated 
by Forker and Luxon are consistent with, rather than di- 
vergent from, conventional pharmacokinetic theory and 
that liver uptake can be predicted using free fraction in 
perfusate and Eq. 2. Therefore, it is apparent that albumin 
does not mediate the removal of taurocholate by rat 
liver. 


E Q  
Ff (1 - E )  


ClI = 
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Effect of Plasma Protein Binding on 
Clearance of Drugs Metabolized by 
Michaelis-Menten Kinetics 


Keyphrases Plasma protein binding-effect on clearance of drugs 
metabolized by Michaelis-Menten kinetics 0 Michaelis-Menten ki- 
netics-drug metabolism, effect of plasma protein binding 


To the Editor: 


It is generally known that restrictively bound drugs 
exhibit increasing clearances as the unbound concentration 
increases (1-3). However, the applicability of this concept 
to restrictively bound drugs which are subject to Michae- 
lis-Menten rather than first-order kinetics has not received 
much attention. Consider a drug cleared exclusively by the 
liver. If the enzymes mediating its metabolism are satu- 
rable and metabolism is further limited by availability of 
unbound drug, the intrinsic clearance of unbound drug can 
be described as (4): 


(Eq. 1) 


where Clint is intrinsic clearance of unbound drug, Vmax is 
the maximum velocity of the drug metabolizing enzyme, 
K,,, is the concentration of unbound drug in plasma when 
the rate of metabolism is Vma,/2, Css is the average 


Vmax 
= 


K ,  + acs,, 


steady-state plasma concentration of total drug, and a is 
the unbound fraction'. Equation 1 can be rewritten as 
follows: 


(Eq. 2) 


For a restrictively bound drug eliminated by a single 
clearing organ, organ clearance and total clearance can be 
defined in terms of intrinsic organ clearance and the un- 
bound fraction of drug (5) as follows: 


C l b t  = a (Eq. 3) 


Equation 2 can be rewritten in terms of Cltot as fol- 
lows: 


Vmara 


a - + c,, 
G o t  = 


I2 - 1  
which simplifies to: 


(Eq. 4) 


(Eq. 5) 


Equation 5 shows that Cltot will increase as a increases, 
but the magnitude of the increase depends on the values 
of VmU, K,, and css. Moreover, for a drug such as pheny- 
toin which is restrictively bound and metabolized by a 
saturable oxidase, the reported values for K,,, (6) are really 
apparent K,,, values rather than true K ,  values, since they 
are calculated on the basis of total rather than unbound 
concentrations. Actual K ,  would be given by: 


Km = Krn a p p a  (Eq. 6) 


where K,,, app is the apparent K,. Thus, it should be noted 
that for a restrictively bound drug: 


(Eq. 7) 


The impact of changes in a on Cltot become more pro- 
nounced as K ,  increases as shown in Fig. 1. The rela- 
tionship between C1ioJCltot versus a is unaffected by 
changes in V,,,. 


Several investigators have shown increased clearances 
for phenytoin corresponding to increases in the free frac- 
tion of the drug. Shand et al. (7) perfused phenytoin 
through isolated rat liver, varying the albumin concen- 
tration of the perfusate and consequently the unbound 
fraction. Their data show a relationship between Cltot and 
a similar to that in Fig. 2. Gugler and coworkers (8) re- 
ported a doubling of the free fraction and Cltot in six hy- 
poalbuminemic nephrotic patients compared with six 
control subjects. However, average steady-state concen- 
trations of total drug were 6.8 and 2.9 mgfliter for controls 
and nephrotics, respectively, well below the concentrations 
necessary to saturate the phenytoin oxidase. When CS, << 
K,/a, Eq. 7 simplifies to: 


Vmax 


K m  app + Css 
Cltot = 


(Eq. 8) . 
Vmax 


a t o t  = a- 
Krn 


If plasma levels are sufficiently high so that metabolism 


Clint is intrinsic clearance of unbound drug as defined by Wilkinson and Shand 
[G. Wilkinson and D. Shand, Clin. Pharnacol. "her. 18, 377 (197511, and is 
equivalent to Clint of Rowland et al. (4). 
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Figure 1-Impact of a! o n  the  clearance of a restrictively bound drug 
metabolized by Michaelis-Menten kinetics. Cliot is clearance when (Y 


> 0.1. Cltot is clearance a t  a! = 0.1. Actual K, values are shown for  each 
curve. c,. is 20, 15, 10, and 5 mglliters for graphs a ,  b, c, and d ,  respec- 
tively. 


is no longer operating by apparent first-order kinetics, the 
changes in CZtot will no longer be directly proportional to 
a. As shown in Fig. 1, a doubling of a will only increase CZbt 
slightly, and the extent of the increase will also depend on 
the actual value of K ,  and Css. 


While clearance changes in a complex manner with al- 
tered protein binding, the changes in total and unbound 
drug concentration are simple. The rate of drug adminis- 
tration required to achieve a targeted average steady-state 
plasma level is: 


0%. 9) Vmaxcss R,, = ~ 


K ,  
- + c s s  
a! 


where Ri, represents the rate of drug administration. If, 
for example, protein binding were altered by hepatitis, 
cirrhosis, uremia, heparinization, or drug interaction such 
that LY increased while the rate of administration remained 
unchanged, the relationship between the total steady-state 
plasma concentration of drug before and after the change 
in binding would be: 


- 
(Eq. 10) c s s  c,, = - 


a 


where a is the ratio of altered a to original a, cs8 is the total 
plasma concentration before the change, and Cis is the 
total plasma concentration after the change in binding. 
From Eq. 10 it is apparent that the average steady-state 
concentration of free drug is not altered by the change in 
binding. 


Figure 2-Relationship between steady-state clearance and magnitude 
of unbound fraction for a restrictively bound drug metabolized by Mi-  
chaelis-Menten kinetics. cs8 = l mglliter, V,,, = 10 mglhr, and K,,, = 
1 mghiter. 


The recommendations for adjusting the doses of re- 
strictively bound drugs that are cleared by hepatic me- 
tabolism apply to drugs metabolized by either apparent 
first-order or Michaelis-Menten kinetics when binding is 
decreased. Though clearance increases, the average 
steady-state Concentration of unbound drug does not. 
Decreasing the dose and the dosing interval so that the 
dosing rate remains constant will help to contain peak and 
trough levels of unbound drug within therapeutic limits. 


(1) A. Yacobi, J. Udall, and G. Levy, Clin. Pharrnacol. Ther., 19,552 


(2) T. Blaschke, Clin. Pharmacokinet.,  2,32 (1977). 
(3) G. Levy, J.  Pharm. Sci., 65,1264 (1976). 
(4) M. Rowland, T. Blaschke, P. Meffin, and R. Williams, in “The 


Effect of Disease States on Drug Pharmacokinetics,” L. Benet, Ed., 
American Pharmaceutical Association, Washington, D.C., 1976, pp. 
53-75. 


(5) R. Williams and L. Benet, Ann. Reu. Pharmacol. Toxicol., 20,389 
(1980). 


(6) T. Ludden, J. Allen, W. Valutsky, A. Vicuna, J. Nappi, S. Hoffman, 
J. Wallace, D. Lalka, and J. McNay, Clin. Pharmacol. Ther. ,  21, 287 
(1977). 


(7) D. Shand, R. Cotham, and G. Wilkinson, Life Sci., 19, 125 
(1976). 


(8) R. Gugler, D. Shoeman, D. Huffman, J. Cohlmia, and D. Azarnoff, 
J .  Clin. Invest.,  55,1182 (1975). 


Kenneth Bachmannx 
Timothy J .  Sullivan 
College of Pharmacy 
University of Toledo 
Toledo. OH 43606 


(1976). 


Received May 29,1981. 
Accepted for publication October 6,1981. 


Journal of Pharmaceutical Sciences I 375 
Vol. 71, No. 3, March 1982 
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b :  R, = C,Hs 
c :  R, = (CH,),CH 
d :  R, = C,H, 


Abstract The synthesis of some substituted 7-hydroxy-5H-1,3,4- 
oxadiazolo (3,2-a]pyrimidin-5-ones, a class of bicyclics with unexplored 
pharmacotoxicological properties, is described. Reacting the 2-phenyl 
derivative with bis(2,4,6-trichlorophenyl)benzylmalonate afforded a 
linear pyrano-oxadiazolopyrirnidinedione. The assigned structures were 
verified by IR, ‘H-NMR, and mass spectral studies. Six compounds of 
the series were screened for in uitro antibacterial and antifungal activities. 
The effect of four compounds on alkaline phosphatase enzyme was also 
examined. 


Keyphrases 0 5H-1,3,4-0xadiazolo[3,2-a]pyrimidin-5-ones-synthesis, 
screening for antibacterial and antifungal properties and phosphatase 
inhibition ’H-NMR-characterization of 5H-1,3,4-oxadiazolo[3,2- 
alpyrimidin-5-ones 0 Mass spectrometry-characterization of 5H- 
1,3,4-oxadiazolo[3,2-a]pyrimidin-5-ones 


A number of syntheses of substituted 5H-1,3,4-oxadi- 
azolo[3,2-a]pyrimidin-5-ones (I) have been described in 
the literature. The 7-hydroxy derivative of I was first 
produced from 2-amino-1,3,4-oxadiaole and carbon sub- 
oxide (1). Ethyl 2-substituted-5-oxo-5H-1,3,4-oxadia- 
zolo[3,2-a]pyrimidine-6-carboxylates were prepared by 
fusing 2-amino-5-substituted-1,3,4-oxadiazoles with ethyl 
ethoxymethylenemalonate and subsequent ring closure 
of the formed 2-(~,~-dicarbethoxyvinylamino)-1,3,4- 
oxadiazole derivatives (2). Analogously, 7-methyl-2-sub- 
stituted-5H-1,3,4-oxadiazolo[3,2-a]pyrimidin-5-ones have 
been obtained from 2-aminooxadiazoles and ethyl aceto- 
acetate (2). Reacting 2-amino-1,3,4-oxadiazoles with 
acetylenemono- or acetylenedicarboxylates afforded the 


0 


I 
R, - CHO + 


110-d 
a :  R,  = C,H, 
b :  R,  =p-CH,OC,H, 
C: R ,  = o-C,H,CH,OC,H, 
d :  R ,  = p-C,H,CH,O-m-CH,OC,H, 


H2N-NH-CO-NH2 HC1- 
I11 
R,-CH=N-NH-CO-NH, 


2-substituted or the 2-substituted-7-carboxylate deriva- 
tives of I, respectively (3). 6-Acetyl-2-phenyl-5H-1,3,4- 
oxadiazolo[3,2-a]pyrimidin-5-one was obtained uia in- 
teraction of N’-2-(5-phenyl-1,3,4-oxadiazolyl)-N,N- 
dimethylformamidine with diketene (4). Furthermore, 
the preparation of some 6,7-dihydro derivatives 
of I was achieved either by cyclizing 3-(P-chloropro- 
pionyl)-2-imino-5-substituted-1,3,4-oxadiazolines (5) or 
through cycloaddition of diphenylketene with 2-arylid- 
eneamino-1,3,4-oxadiazoles (6). On the other hand, class 
I1 mesoionic 1,3,4-oxadiazolo[3,2-a]pyrimidine-5,6-diones, 
which can be regarded as isoelectronic and isosteric to 
xanthines, have been postulated among different bicyclic 
mesoionic heteroaromatic structures, called mesoionic 
purinone analogs (7). 


There has been no report concerning the bioactivities 
of such compounds. In contrast, some bioisosteric sulfur 
analogs derived from 5H- 1,3,4-thiadiazolo [3,2-a] pyrimi- 
din-5-one reportedly possess herbicidal and pesticidal 
potencies (8). In addition, a number of class-I1 mesoionic 
1,3,4-thiadiazolo[3,2-a]pyrimidine-5,7-diones were either 
shown to display in uitro antibacterial activities (9,lO) or 
acted as inhibitors of adenosine-3’,5’-monophosphate 
phosphodiesterase (11). 


As a continuation of previous work (12), the synthesis 
of various 7-hydroxy-5H-1,3,4-oxadiazolo[3,2-a]pyrimi- 
din-5-one derivatives was undertaken, and some repre- 
sentative compounds were screened for in uitro antimi- 
crobial activity. Because of the potency of the mesoionic 


,COOC, H,Cl, 


COOC (i H, C1,i 


V + R,-CH 
\ 


VIIa-e 
a :  R, = H 


e :  R, = C,H,CH, 
n 


VIII-c VIII-A 
0 


VIu, b Va-d 
VIII-B 


Scheme 1 
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Table I-Substituted 7-Hydroxy-5H-1,3,4-0xadiazolo[3,2-a Jpyrimidin-5-ones (VIII) 
Melting Point 


Com- (Recrystalli- Yield, Molecular Analysis, 70 
pound Rz zationsolvent) ?h Formula Calc.. Found IR," cm-* 


VIIIa 


VIIIb 


VIIIC 


VIIId 


VIIIe 


VIIIf 


246-248' dec. 
(ethanol) 


265-268' dec. 
(ethanol) 


208-210' 
(ethanol- 
water) 


246-248" dec. 
(ethanol) 


257-258' 
(ethanol) 


256-258" 
(ethanol) 


215-217' dec. 
(ethanol) 


198-199' 
(methanol- 
water) 


230-232' 
(ethanol) 


257-259' dec. 
(dimethyl- 
formamide- 
ethanol) 


88 


70 


58 


85 


83 


86 


89.5 


68 


94 


86 


CllH~N303 C 57.6 57.3 
H 3.1 3.0 
N 18.3 18.4 


C13HiiN303 C 60.7 61.0 
H 4.3 4.6 
N 16.3 16.7 


Cl.sH15N303 C 63.15 63.3 
H 5.3 5.6 
N 14.7 14.3 


C12HgN304 C 55.6 55.9 
H 3.5 3.7 
N 16.2 16.5 


C14H13N304 C 58.5 59.1 
H 4.6 4.6 
N 14.6 14.6 


C19H15N304 C 65.3 65.2 
H 4.3 4.1 
N 12.0 12.1 


CieH13N304 C 64.5 64.2 
H 3.9 4.0 
N 12.5 12.0 


C21H19N304 C 66.8 66.8 
H 5.1 5.1 
N 11.1 10.9 


Cz5HigN304 C 70.6 70.3 
H 4.5 4.4 
N 9.9 10.1 


C19H15N305 C 62.5 62.5 
H 4.1 4.5 
N 11.5 11.1 


3340-2500 (bm, OH and NH); a split 
band a t  1715 (m, C=O), 1680 (S); 1615 


C=C, and aromatics); 1255 (bs) 
shouldered a t  1220; and 1015 (w, C- 
O-C)b 


(s); 1580 (s); 1545 (w); 1510 (m, C=N, 


3300-2500 (b, OH and NH)C;  1670 (s, 
C=O) 1635 (w); 1605 (s), 1570 (m); 
1540 (bs) shouldered at  1520; and a t  
1510 (C=N, C=C and aromatics); 
1255 (s); and 1025 (m+, C - 0 4 .  


3300-2500 (b, OH and NH)'; a split 
band a t  1685 (9, C=O); 1655 (m); 1610 
(m); 1560 (s) shouldered at 1575; 1540; 
and a t  1525 (C=N, C=C, and 
aromatics); 1275 (m); and 1025 (m, 
C-0-C). 


3350-2500 (bm, OH and NH); 1685 (m) 
shouldered a t  1710 (C=O); 
1580 (m); 1550 (w); 1515 (s, C=N, 
C=C, and aromatics); 1265 (bs); and 
1015 (m) (C-WJb. 


3300-2500 (bm) (OH and NH); 1680 (s, 
C=O), 1620 (s) shouldered a t  1635; 
1580 (w); 1540 (m), 1520 (s) (C=N, 
C=C, and aromatics), 1270 (s), and 
1020 (m) (C-0-C) *. 


3350-2500 (bm, OH and NH); 1710 (9, 


C=O); 1660 (m); 1620 ( 8 ) ;  1575 (m); 
1510 (m, C=N, C=C, and aromatics), 
1260 (s), and 1020 (m) (C-O-Qb. 


3200-2400 (b, OH and NH)d, a split 
band a t  1685 (m, C=O); 1650 (s); 1605 
(s), 1585 (w), 1560 (s, C=N, C=C and 
aromatics); 1265 (s); and 1025 (m, C- 
0-C). 


1620 (5); 


3240-2500 (b, OH and a split 
band a t  1685 (s, (C=O); 1650 (w); 
1610 (m); 1555 (m) shouldered at 1540; 
1520; 1495 (m, C=N, C=C and 
aromatics); 1260 (m); 1025 (m, C-O- 
C). 


C=O); 1605 (s); 1575 (w); 1525 (s, 
C=N, C=C, and aromatics); 1260 (s); 
and 1035 (s, C-0-C). 


band a t  1720 (m) C=O); 1680 (s); 1620 
(s); 1585 (m); 1525 (s) shouldered at 
1550 and a t  1510 (C=N, C=C and 
aromatics), 1250 (s) and 1020 ( rn ,  C- 


3200-2300 (b, OH and NH)C; 1670 (m, 


3400-2500 (bm, OH and NH); a split 


O-C)b. 


0 The abbreviation b is broad, bm is broad medium, bs is broad strong, m is medium, and s is strong. * For potassium bromide disc. Overlapped by the Nujol absorption 
bond. 


thiadiazolopyrimidines, the similarity in structural fea- 
tures of the adopted ring system (I) to xanthines, and the 


1,3,4-oxadiazoles (13, 14) and pyrimidine derivatives 
(15-17). the effect on alkaline phosphatase enzyme was 


RESULTS AND DISCUSSION 


Chemistry-The reactions outlined in Schemes I and I1 were followed 


amino-5-aryl-1,3,4-oxadiazoles (v) were prepared by first condensing 
the chosen aldehydes (11) with semicarbazide hydrochloride (111) in the 


reported association Of activities with for the synthesis of the desired compounds. The key intermediates, 2- 


also The susceptibility of the 1,3,4-o&iazole 
moiety to attack with potassium hydroxide (2) and mines 
(18) may be important to the predicted bioactivity ofthe 


presence of sodium acetate followed by oxidatiGe ring closure of the re- 
sulting aldehyde semicarbazones (IV) with aqueous iodine-potassium 
iodide in presence of sodium carbonate (19). A previous report (20) 
showed that the exclusion of sodium carbonate in the cyclization of IVo 


prepared compounds. and IVb leads to the formation of the corresponding~5-aryl-2,4-dihy- 
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0 
Y Table 11-PMR and Mass Spectrometric Data of Some 


Substi tuted 5H-1,3,4-0xadiazolo[3,2-a]pyrimidin-5-ones (VIII) 


1%. b 


O..H.O 


X-A 


Y 


X-B 
0 


XI-A XI-B 
Scheme 11 


dro-3H-1,2,4-triazol-3-ones (VIa) and (VIb) in low yields alongside their 
parent aldehydes IIa and IIb, respectively. The synthesis of the semi- 
carbazones, IVc and IVd, and their respective oxadiazoles, Vc and Vd, 
have not been reported previously. 


Reacting equimolar quantities of V with unsubstituted or monosub- 
stituted bis(2,4,6-trichlorophenyl)malonates (VII) in boiling chloro- 
benzene afforded high yields of substituted 7-hydroxy-5H-1,3,4-oxadi- 
azolo[3,2-a]pyrimidin-5-ones (VIII). The reaction involved an interme- 
diate ketene-carboxylate which formed in situ from VII a t  elevated 
temperatures (21). The IR and 'H-NMR data of VIII (Tables I and 11) 
indicated mostly forms VIII-A and/or VIII-B rather than VIII-C. This 
is analogous to the structures previously assigned to some related hy- 
droxypyridone systems (22). 


The mass spectral data of representative compounds of VIII are re- 
corded in Table 11. Compounds VIIIa, d ,  e, and f showed molecular ions 
of relatively low intensity (12-32%). Although the benzoyl cations con- 
stituted the base peak of the spectra of VIIIa, d ,  and e, the spectrum of 
VIIIf showed the p-methoxybenzoyl cation (mlz 135) at  a lower abundance 
(56%). All mass spectra showed an ion corresponding to the loss of a 
fragment (m/z 43) from the parent molecule which might be HCNO. 


The reactivity of position 6 in the 6-unsubstituted analogs of VIII 
towards electrophilic attack was considered in order to search for more 
diverse derivatives. Treatment of VIIIa or VIIId with bromine yielded 
the corresponding 6-bromo derivatives IXa and IXb, respectively. Dia- 
zocoupling of VIIIa, d ,  or g with either diazotized aniline or an appro- 
priate diazotized sulfonamide in aqueous acetic acid medium provided 
6-phenylazo- or 6-(4-substituted sulfonamidophenylazo) derivatives, 
respectively (X, Table 111). The IR (KBr) spectrum of Xa displayed a 
broad weak 0-H and/or N-H stretching absorption band between 
3150-2800 cm-', suggesting that the azo forms (X-A) exist in equilibrium 
with their hydrazono tautomers (X-B). 


On the other hand, when VIIIa was condensed with bis(2,4,6-trichlo- 
ropheny1)benzylmalonate (VIIe) in refluxing bromobenzene, a single 
product was isolated for which the elemental analysis and molecular ion 
peak coincided with the tricyclic derivative XI-A or XI-B. The linear 
structure XI-A was shown to be consistent with the IR (KBr) spectrum, 
since it revealed the tertiary amide-carbonyl stretching absorption a t  
1690 cm-I. If the angular isomer XI-B was formed it would have dis- 
played this band a t  a lower frequency. 


Determination of Antimicrobial Activity1-Compounds VIIIa, b, 
d ,  e ,  f ,  and g2 were tested for in uitro activity against four bacteria: 
Staphylococcus aureus (209 P), Escherichia coli (K802N), Salmonella 
gallinarum (595), and Klebsiella pneumoniae (SK&F 4200); and three 
fungi, Candida albicans (8-311, BC-759), and Trichophyton menta- 
grophytes (AAB-995). Microtiter twofold broth dilution methods were 


Conducted hy Smith Kline & French Laboratories, Philadelphia, Pa. 
2 Smith Kline & French Nos. 88347,88350,88349,88351,88355, and 88354, re- 


spectively. 


Mass Spectrum: 
Com- mlz Values 
pound 'H-NMR (8ppm) (Relative abundance, %) 


VIIIa 


VIIId 


VIIIe 


VIIIf 


6.7 (s, l H ,  H a t  (2-61, and 
7.9-8.75 (m, 5H, 
aromatic H)". 


3.8 (9,3H, CH30), 5.25 (5, 


lH ,  H a t  C-6), 7.1 (d, 2H, 
J = 8 Hz, aromatic H), 
7.9 (d, 2H, J = 8 Hz, 
aromatic H), and 11.0 
(broad, OH). 


1.0 (t, 3H, J = 7Hz), CH3- 
ethyl), 2.4 (4, 2H, J = 7 
Hz, CHz-ethyl), 3.85 (s, 
3H, CHsO), 7.1 (d, 2H, J 
= 8 Hz, aromatic H), 7.9 
(d, 2H, J = 8 Hz, 
aromatic H), and 12.0 
(broad, OH). 


3.75 (s, 2H, CHz-benzyl), 
3.85 (s, 3H, CHsO), 7.2 
(d, 7H, J = 8 Hz, 
aromatic H), 7.95 (d, 2H, 
J = 8 Hz, aromatic H), 
and 10.0 (broad, OH). 


230 (5, M + l), 229 (32, 
M+), 201 (8), 187 (19, 
M-CHz=C=O), 186 
(85), 161 (24), 145 (37), 
138 (14), 118 (211,112 
(11). 106 (14), 105 (loo), 
91 (23), 89 (19),77 (27, 
C6H5'). 


260 (6, M + 1). 259 (30, 
M+), 217 (20, M- 
CH,=C=O), 216 (91), 
201 (lo),  186 (14), 175 
(151,158 (81, 149 (24, p -  
CH30CsH4CNO+), 136 
(14), 135 (loo), 134 (8), 
133 (45, p-CH30CsH4- 
CN+), 105 (23). 


M+), 245 (8). 244 (17), 
229 (5), 223 (5), 216 (14), 
201 (16), 191 (24), 186 


288 (5, M + l), 287 (12, 


( lo),  149 (30, p-CH3O- 
CGH~CNO'), 136 (14) 
135 (loo), 134 (12), 133 
(39, P-CH~OC~H~CN') ,  
105 (24), 77 (34), CG&+). 


M+, 306 (201, 278 (20), 
277 (24), 264 (121,247 


CHpb=C=O), 215 (81, 


350 (8, M + 11,349 (32, 


(S), 218 (8, M-C6H5- 


149 (16, p-CH30- 
C6H4Ch'O+), 139 (24), 
135 (56), 133 (68, p -  
CH30C6H5CNf), 103 
(40),91 (56, CsH5CHzf), 
77 (40, C&5+), 44 (100). 


a Trifluoroacetic acid was used as solvent. 


used to determine the minimum inhibitory concentrations of the com- 
pounds in micrograms per milliliter a t  which the growth of the test cul- 
tures are completely suppressed. 


The antibacterial activity was determined in trypticase soy broth. The 
compounds were run a t  concentrations of 0.2-200 pg/ml. Log cultures 
of the bacterial strains were diluted so that the inoculum was lo5 cfu/ml 
in the test. The microtiter plates were incubated at 37O overnight and 
observed for inhibition of growth. 


The antifungal activity was determined in Sabouraud glucose broth 
and the compounds were run a t  concentrations of 0.2-200 pglml. Log 
cultures of the Candida strains were used for the inoculum which was 
lo5 cfu/ml in the test. Spore suspensions in the glucose broth were pre- 
pared from cultures grown on glucose broth agar slants for the T. men- 
tagrophytes inoculum. The plates were incubated a t  30" and observed 
for growth a t  24 and 48 hr. 


Dimethyl sulfoxide-methanol mixture (1:50) was used as the solvent 
for the compounds. A control without the test compound was included 
for each organism. Gentamicin and amphotericin B were used as standard 
antibiotics for comparison against the bacterial and fungal species uti- 
lized, respectively. 


None of the compounds exhibited antimicrobial activity. 
Inhibition of Alkaline Phosphatase3-Compounds VIIId, e, f ,  and 


g were tested for in uitro inhibitory activity of alkaline phosphatase 
following a reported method (23). 


Conducted in the Department ot Pesticides and Plant Protection. Faculty of 
Agriculture, University of Alexandria, A.R. Egypt. 
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Table III-2-Aryl-7-hydroxy-6-( p-substituted phenylazo)-5H-1,3,4-oxadiazolo[3,2-a]pyrimidin-5-ones (X) 


Melting Point 
Com- (Recrystalli- Yield, Molecular Analysis, YG 
pound R1 Y zation Solvent) % Formula Calc. Found IR*, cm-' 


Xaa 


Xb 


x c  


X d  


C6H5 H 268-269' dec. 
(dimethylform- 
amide-ethanol) 


p-CH30- p-HzNS02- 288-290" dec. 
C6H4 (dimethylform- 


amidewater) 


p-CHaO- 304-305' dec. 
C& p - G N F N H S 0 2 -  (dimethylform- 


N amide-ethanol) 


o-CGH5- NH 260" dec. 
CHzOC6H4 II (dimethylform- 


P H 'N -C-NHsOz- amide-ethanol) 


85 C17HilN.503 C 61.3 61.0 
H 3.3 3.3 
N 21.0 21.3 


N 19.0 19.1 
S 7.25 6.9 


34.5 C&~~N~OF,S c 50.8 50.6 
H 3.1 3.5 
S 6.2 6.0 


72.5 CzsHzoN&jS c 53.6 53.4 
H 3.6 3.8 
N 20.0 20.3 s 5.7 5.7 


3150-2800 (bw, OH and/or NH), 1735 
(s, C=O), 1665 (m),  a band split at 
1610 (s), 1590 (s), 1575 (s), 1500 (s), 
1460 (m, C=N, C=C and aromatics) 
a band split a t  1225 (m) and a t  1245 
(w), and 1020 (m, C-0-C)". 


3370 (m) ,  3270 (m, N H  and OWd,  1725 
(s, C=O), 1650 (m),  1615 (s) 
shouldered a t  1575, 1505 (s, C=N, 
C=C and aromatics), 1320 (m, 
asymmetric SO*), 1255 (s, C-o-c), 
1150 (s, symmetric SO*), and 1025 
(m, C-0-0.  


3250-2400 (b, NH and OH)d, 1720 (m, 
C=O), 1650 (w), a band split a t  1605 
(s) and 1575 (s, C=N and aromatics), 
1250 (m, C-OX), 1150 (s, SOz), and 
1030 (m, C-0-C) shouldered a t  1010. 


3500-3100 (m, with several splits, NH 
and OH)d, 1715 (m, C=O), a band 
split at  1650 (m), 1620 (m), 1595 (s), 
1580 (s), 1560 (s) and a t  1520 (m, 
C=N, C=C, and aromatics), 1260 (s), 
and 1025 (s. C-0-C). 


a 1H-NMR (trifluoroacetic acid) 6: 7.3-8.25 (m, 10H, aromatic H) ppm. 
Overlapped by the Nujol absorption band. 


b is broad, bm is broad-medium, m is medium, s is strong. For potassium 
bromide disc. 


The butanol extractable alkaline phosphatase of the human placenta 
was partially purified as previously described for human liver alkaline 
phosphatase (24). The enzyme activity was measured a t  25" by deter- 
mining the hydrolysis rate of p-nitrophenyl phosphate using the change 
in absorbance at  410 nm with a ~pectrophotometer~. The reaction mixture 
contained 1.0 M tromethamine hydrochloride (pH 9.4), M substrate, 
and 50 ~1 of enzyme in a final volume of 3 ml. The appropriate quantity 
of the compound dissolved in dimethyl sulfoxide (10-2-10-4 M concen- 
trations) was incubated with the enzyme in the reaction-buffer a t  room 
temperature for 10 min and the reaction was initiated by the addition 
of the substrate. A control containing dimethyl sulfoxide was included 
in all determinations. 


No inhibition of enzyme activity was observed by any of the compounds 
tested. 


EXPERIMENTAL5 


Aldehyde Semicarbazones (1V)-These compounds were prepared 
by treating the appropriate aromatic aldehyde (11) with an equimolar 
amount of semicarbazide hydrochloride (111) and sodium acetate in 
aqueous ethanol. The semicarbazones were purified by recrystallization 
from ethanol. 


o-Benzyloxybenzaldehyde Semicarbazone (1Vc)-The yield was 
98% (mp 180-182'); IR. 3440,3140 shouldered a t  3340,3260, and a t  3200 
(N-H), 1680 (C=O), 1580 (C=N, and aromatics), 1245, and 1020 (C- 
0-C) cm-1. 


Anal.-Calc. for Cl5H15N302: C, 66.9; H, 5.6; N, 15.6. Found: C, 66.6; 
H, 5.6; N, 15.9. 
p-Benzyloxy-m-methoxybenzaldehyde Semicarbazone (LVd) 


-The yield was 97% (mp 163-164'). 
Anal.-Calc. for C16H17N303: C, 64.2; H, 5.7; N, 14.0. Found: C, 64.3; 


H, 5.8; N, 13.8. 
~-Amino-5-aryl-l,3,4-oxadiazoles (V)-These were prepared from 


IV by a reported method (19). 
2-Amino-5-( o-benzyloxypheny1)- 1,3,4-oxadiazole (Vc)-This 


compound was recrystallized from ethanol, mp 207-209'. The yield was 


4 Pye Unicam SP-100. 
Melting points were determined in open-glass capillaries and are uncorrected. 


1R spectra were recorded for N u j d  mulls, unless otherwise specified, on a Beckman 
4210; or for potassium bromide disks on a Perkin-Elmer 421 spectrophotometer, 
'H-NMR spectra were determined on a Varian EM 360 spectrometer using deu- 
terated dimethyl sulfoxide as solvent, unless otherwise indicated, and tetrameth- 
ylsilane as the internal standard. Mass spectra were obtained using a Varian Mat 
111 (80 ev) instrument and peaks of relative intensity below 5% of the base peak 
were omitted. Microanalysis, f(Jr samples dried over phosphorus pentoxide at 70' 
under reduced pressure, was carried out at the Microanalytical Unit, University 
of Cairo, A.R.  Egypt. 


59%; I R  3250,3080 (N-H), 1650 (C=N), 1590 (6N-H and aromatics), 
1240, and 1025 (C-0-C) cm-I. 


Anal.-Calc. for C15H13N302: C, 67.4; H, 4.9; N, 15.7. Found: C, 67.5; 
H, 5.2; N, 16.0. 
2-Amino-5-(p-benzyloxy-m-methoxyphenyl)- 1,3,4-oxadiazole 


(Vd)-This compound was recrystallized from aqueous ethanol, mp 
209-210". The yield was 34%; IR: 3360 (N-H), 1665 (C=N), 1580 
shouldered at  1600 (6 N-H and aromatics), 1500, a band split a t  1245 and 
a t  1225, and 1030 (C-0-C) crn-'. 


Anal.-Calc. for C16H&303: C, 64.6; H, 5.1; N, 14.1. Found: C, 64.5; 
H, 4.8; N, 13.6. 


Substi tuted 7-hydroxy-5H-1,3,4-oxadiazolo[3,2-a]pyrimidin- 
5-ones (VIII, Table 1)-The appropriate bis(2,4,6-trichlorophenyl)- 
malonate (VII, 1 mmole) was added in one portion to a hot suspension 
of the amine (V, 1 mmole) in chlorohenzene (15 ml). The mixture was 
refluxed for 30-60 min. After cooling the crystallized solid was filtered, 
washed with light petroleum (bp 40-60'), and dried. In some cases, the 
cooled reaction mixture was treated with an equal volume of light pe- 
troleum to precipitate all the product. The compound was recrystallized 
from the appropriate solvent. 
6-Bromo-7-hydroxy-2-phenyl-5H-1,3,4-oxadiazolo[3,2-a]py- 


rimidin-5-one (1Xa)-Bromine (0.05 ml, 1 mmole) was added in one 
portion to a stirred solution of VIIIn (0.23 g, 1 mmole) in acetic acid (30 
ml) a t  room temperature. The color of bromine was immediately dis- 
charged with liberation of hydrogen bromide and precipitation of the 
bromo derivative. After 2 hr a t  room temperature the product was fil- 
tered, washed with ethanol, dried, and recrystallized from acetic acid, 
mp 265-267' dec. The yield was 0.23 g (74.4%). 


Anal.-Calc. for C11H6BrNsO3: C, 42.9 H, 2.0; Br, 25.9; N, 13.6. Found: 
C, 42.6; H, 2.2; Br, 26.0; N, 13.6. 
6-Bromo-7-hydroxy-2-(p-methoxyphenyl)-5H-l,3,4-oxa- 


diazolo[3,2-a]pyrimidin-5-one (IX b)-This compound was prepared 
by brominating VIIId (0.26 g, 1 mmole) with bromine (0.05 ml, 1 mmole) 
as described for IXa. I t  was recrystallized from acetic acid, mp 248-251' 
dec. The yield was 0.27 g (79.6%); I R  (KBr): 3200-2300 (OH and NH), 
a band split a t  1690 (C=O) and a t  1660, a band split a t  1615 and at  1600, 
15lOshouldered a t  1530 (C=N, C=C, and aromatics), 1270, and 1015 
(C-0-C) cm-'; mass spectrum: m/z (relative abundance, %), 339 (38) (M+ 
of 81Br), 338 (15), and 337 (35) (M+ of 79Br). 


Anal.-Calc. for ClzH8BrN304: C, 42.6; H, 2.4; Br, 23.6; N, 12.4. Found: 
C,,42.7; H, 2.6; Br, 24.0; N, 12.0. 
7-Hydroxy-2-phenyl-6-phenylazo-5H- 1,3,4-oxadiazolo[3,2-a]- 


pyrimidin-5-one (Xa, Table 111)-To a stirred solution of VIIIa (0.23 
g, 1 mmole) in ethanol (10 ml) at  10' was added a cold solution of aniline 
(0.09 ml, 1 mmole) and sodium nitrite (0.08 g, 1.1 mmole) in 50% aqueous 
acetic acid (10 ml). After stirring for 1 hr, the reaction mixture was re- 
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frigerated overnight and a yellow product was collected, washed with 
water, dried, and recrystallized. 


2-Aryl-7-hydroxy-6-( p-substituted pheny1azo)-5 H- 1,3,4-oxadi- 
azolo [3,2-a]pyrimidin-5-ones (Xb-d, Table 111)-The appropriate 
sulfonamide (1 mmole) was dissolved in acetic acid (20 ml) and the so- 
lution was cooled to 5'. A cold solution of sodium nitrite (1.1 mmole) in 
water (5 ml) was added and the resulting diazonium salt solution was 
filtered into a stirred solution of the proper VIII (1 mmole) in acetic acid 
(50-100 ml) a t  10'. The reaction mixture was then worked up as described 
for X u ,  and the yellow crude product crystallized from the suitable sol- 
vent. 


Reaction of VIIIa with Bis(2,4,6-trichlorophenyl)benzylmalonate. 
(VI1e)-Equimolar amounts of VIIIa (0.23 g, 1 mmole) and VIIe (0.55 
g, 1 mmole) were refluxed in bromobenzene (25 ml) for 3 hr. The product 
(XI-A) that separated out on cooling was filtered, washed with light pe- 
troleum, and dried. It was recrystallized from a large volume of boiling 
ethanol, mp 306-308'. The yield was 72%; IR (KBr): 3650-2900 (OH), 
1750 (C=O, a-pyrone), 1690 (C=O, amide), a band split at 1620 and 
1605, 1585, 1560, 1505 (C=N, C=C, and aromatics), 1255, and 1025 
(C-0-C) cm-'; mass spectrum: m/z (relative abundance, %) 387 (69) 
(M+). 


Anal.-Calc. for C21H13N305: C, 65.1; H, 3.4; N, 10.85. Found: C, 65.3; 
H, 3.7; N, 10.3. 
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Abstract 0 Cholesterol dissolution rate accelerators, such as benzal- 
konium chloride, function by reducing the interfacial barrier that exists 
between the negatively-charged bile acid micelle and the negatively- 
charged cholesterol surface. It has been proposed that this reaction is 
accomplished by the binding of the positively-charged accelerator to the 
negatively-charged micelle. An earlier report showed that different solid 
preparations of cholesterol give different dissolution rates under the same 
conditions and these differences can be primarily accounted for by 
variations in the interfacial transport constant (P) .  By using the rotating 
disk dissolution apparatus and the Levich theory i t  has been possible to 
study the dissolution behavior of different cholesterol solid phases as a 


function of the benzalkonium chloride concentration. It was shown that 
the ratios of P values for the different phases are relatively constant over 
the range of the accelerator concentrations. This suggests that the ac- 
celerators act primarily on the micelle to enhance dissolution rate. 


Keyphrases 0 Benzalkonium chloride-effect on dissolution of cho- 
lesterol preparations in bile acid solutions n Dissolution-cholesterol 
preparations, effect of benzalkonium chloride, bile acid solutions 
Cholesterol-effect of benzalkonium chloride on dissolution, bile acid 
solutions Gallstone kinetics-effect of benzalkonium chloride on 
dissolution of choleqterol preparations in bile acid solutions 


Physicochemical studies of gallstone (cholesterol) dis- 
solution kinetics have been performed in these laboratories 
(1-7). Theoretical treatment (2) showed that in uiuo dis- 


solution of cholesterol gallstones occurred at  much lower 
rates than expected if dissolution were totally diffusion 
controlled. It was proposed that interfacial factors may be 
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Abstract  The pharmacokinetics of ketamine in analgesic doses after 
intravenous, intramuscular, and oral administration was investigated 
in healthy volunteers. Plasma ketamine concentration-time curves were 
fitted by a two-compartment open model with a terminal half-life of 186 
min. Absorption after intramuscular injection was rapid and the bio- 
availability was 93%. However, only 17% of an oral dose was absorbed 
because of extensive first-pass metabolism. Simultaneous measurements 
of the elevation of pain threshold in an ischemic exercise test showed a 
marked effect for 15-60 min after intramuscular injection, but little or 
no effect after the oral solution. Pain threshold elevation occurred a t  
plasma ketamine concentrations above 160 nglml. 


Keyphrases 0 Ketamine-bioavailability, pharmacokinetics, and an- 
algesic activity in humans, intravenous, intramuscular, and oral ad- 
ministration compared Pharmacokinetics-ketamine, intravenous, 
intramuscular, and oral dosage forms compared Anesthetics-ke- 
tamine, bioavailability, pharmacokinetics, and analgesic activity in hu- 
mans 


Ketamine [2-o-chlorophenyl-2-(methylamino)cyclo- 
hexanone] is an anesthetic induction agent which produces 
sleep rapidly after intravenous injection of 1-2 mg/kg (1). 
It may also be given by intramuscular injection (6-10 
mg/kg) and this route is used extensively in children. The 
oral route has not been used, although a self-administra- 
tion of 300 mg and loss of consciousness has been reported 
(2). 


Wieber et al. (3) reported the pharmacokinetics of in- 
travenous ketamine (2.5 mg/kg) in five patients to be in 
accordance with a two-compartment model with a mean 
terminal half-life of 2.52 hr. Idvall et al. (4) found the mean 
half-life in 31 patients to be 79 min after an intravenous 
infusion. 


In lower doses, ketamine also has analgesic properties 
(5,6) and has been used in post-operative pain relief (7-9), 
but the pharmacokinetics have not been reported. 


This paper reports the pharmacokinetics of ketamine 
in healthy volunteers who received analgesic doses by in- 
travenous and intramuscular injection and as an oral so- 
lution. Simultaneous measurements were made of the el- 
evation of the pain threshold in an ischemic exercise test 
(10). 


EXPERIMENTAL 


Procedure-In the first study, ketamine hydrochloride’ was admin- 
istered by intravenous injection (0.25 or 0.125 mg of basekg body weight) 
on separate occasions to five healthy, fasting adult volunteers [age: 33.8 
f 1.4 ( S E )  years; weight: 74.8 f 2.1 kg]. On a third occasion, an injection 
of normal saline was given. 


In the second study, normal saline or ketamine (0.5 mg/kg) was given 
to six healthy, fasting adult volunteers [age: 31.8 f 2.0 ( S E )  years; weight: 
70.7 f 4.4 kg] by intramuscular injection or as an oral solution on separate 
occasions. On each occasion, the subject drank 50 ml of orange juice with 
or without ketamine in solution and simultaneously received an intra- 


~~ ~~~ ~ ~~ 


Ketalar, Parke-Davis & Co.. Pontypool, U.K. 


muscular injection of ketamine or normal saline into the triceps muscle 
of the dominant arm. 


Each study was a crossover design, the order of administration was 
randomized, and the subject and the person recording pain scores were 
not aware of the nature of the administered solution. Samples of venous 
blood (8 ml) were removed from the dominant arm at 0 (blank), 3,5,10, 
15,20,30, and 45 min and a t  1,2,4,  and 7 hr. 


Pain Measurements-The method was a modification of the ischemic 
exercise test of Harrison and Bigelow (10) and was described previously 
(11). The test was carried out during a 30-min control period before, and 
at 0,5,10,15,20,30,40,50, and 60 min (first study) or a t  0,15,30,45,60, 
75,90, and 120 min (second study) after administration of ketamine or 
normal saline. 


Elevation of pain threshold was indicated by a reduction of the “pain 
score” or an increase in the time to reach intolerable pain, or both, when 
compared with corresponding values in the subject on the same day 
during the control period. 


Analysis of Blood Samples-Immediately after collection in 
heparinized tubes, plasma was separated and stored a t  -20” until as- 


300 


- 
E 


i 
!? 
a 


. 
UI 


+ 
II: 
I- 200 z 
w 
0 
2 
00 
w z 
a 


a 


I 
I- 
Lu 
Y 


5 


a 


2 100 
-I 


0 


0 


0 


0 


0 
0 - 


0 


0. 
0 


0 


8 8  
i 


0 


Figure 1-Distribution of plasma ketamine concentration (nglml) that 
corresponds to pain scores after 75 to 105-sec ischemic exercise of (a) 
“none” or “mild” or (b) “moderate” or “severe,” after intramuscular 
ketamine (0.5 mglkg) in six subjects. 


0022-35491 821 0500-0539$0 1.001 0 
@ 7982, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences f 539 
Vol. 71, No. 5, May 1982 







Table I-Absorption Rate  Constants (K. ,  min-‘) and Bioavailability ( F )  of Ketamine, 0.5 mg/kg, Given by Intramuscular Injection 
o r  as an Oral  Solution 


Oral Solution 
Intramuscular Injection” F F 


Subject K O  ‘ K,” Fare, Fare, (Eq. 1) (Eq. 2) 


1 0.040 0.038 0.965 0.145 0.032 0.160 
2 0.054 0.043 0.923 0.163 0.204 0.190 


- 0.155 3 0.412 - - - 
4 0.285 0.130 0.972 0.112 0.092 0.115 


- 0.309 5 0.069 - - - 


6 0.142 0.146 0.859 0.245 0.158 0.239 
0.930 0.166 - 0.195 
0.026 0.028 - 0.028 


Mean - - 


SE - - 


KO’ from nonlinear regression. KO” from method of Loo-Riegelman (22). 


sayed. Plasma samples were analyzed in duplicate or triplicate for ke- 
tamine and norketamine (metabolite 1) as their heptafluorobutyryl de- 
rivatives on a gas chromatograph with electron-capture detection (12-14). 
Dehydronorketamine (metabolite 2) consistently gave two peaks on the 
chromatogram; this was observed previously by White et  al. (15). 


Pharmacokinetic Analysis-Plasma ketamine concentrations were 
fitted to a two-compartment model by nonlinear regression with a simplex 
algorithm (16,17); individual data points were weighted as recommended 
by Ottaway (18). 


Preliminary estimates of the apparent volume of the central com- 
partment, the absorption rate constant (second study), and transfer 
microconstants were obtained using an analog computer. Goodness of 
fit criteria used were the run test and the number test on the signs of the 
residuals (19) and a test statistic for serial correlation between residuals 
(20). Both of these criteria indicated a satisfactory fit in all cases. 


The bioavailability (Fa,,,) was calculated from the ratio of the trape- 
zoidal area (with correction for the area beyond the last data point and 
adjustment for dose) after intramuscular or oral administration to that 
after intravenous injection in the same subject. Apparent distribution 
volumes of the central compartment ( v 1 ) ,  a t  steady-state ( v d , , ) ,  and 
during the terminal phase ( V d a )  and total body clearance values (TBC) 
(21), were not corrected for bioavailability. Estimates of the absorption 
rate constant were also obtained by the method of Loo and Riegelman 
(22). 


The fraction of the dose lost by first-pass metabolism ( F )  was calcu- 
lated from: 


where TBC is the clearance value for ketamine after intravenous injection 
and 61, the hepatic blood flow, was taken as 1.53 liters/min (23), and 
from: 


(Eq. 2) 


where (AUC),,,l is the area under the plasma ketamine concentration- 
time curve after oral administration of the dose X o  (21). 


The Student t test was used in tests of statistical significance. 


RESULTS 


Pharmacokinetics-Immediately after intravenous injection, plasma 
ketamine concentrations fell rapidly, and the data were fitted by a two- 
compartment open model with a mean terminal half-life of 186 f 10 min. 
The concentration y (ng/ml) at  time t(min) after injection was given 
by: 


y = 82 exp(-0.044t) t 22 exp(-0.0039t) 
after a 0.125 mg/kg dose (Eq. 3) 


and by: 


y = 108 exp(-0.039t) + 40 exp(-0.0038t) 
after a 0.25 mglkg dose (Eq. 4) 


There were no significant differences in the values of a,  0, apparent 
distribution volumes, or clearance for the two doses. 


Ketamine was rapidly absorbed after intramuscular injection with 
apparent absorption half-times of 2-17 min. The estimated interval be- 
tween the injection and the appearance of ketamine in the plasma (lag 
time) was less than 4 min and the bioavailability was 93% (Table I). Ap- 
parent peak concentrations (Cmax) of between 100 and 425 ng/ml occurred 


at 5-30 min (tmax) after injection. Absorption rate constants calculated 
by the Loo-Riegelman method agreed well with those from nonlinear 
regression, except in one subject in whom absorption was very rapid. The 
mean (fSE) terminal plasma half-life (155 f 12 min) did not differ sig- 
nificantly from that after intravenous injection (186 f 10 min) and no 
difference was observed in the clearance values (23.2 and 19.1 ml/min/kg, 
respectively) (Table 11). 


After oral administration, ketamine absorption was incomplete, with 
only 16.6% of the dose reaching the systemic circulation. The lag time was 
between 4 and 13 min (mean 8.0 min). The mean apparent peak con- 
centration of 44 ng/ml (range 15-80 ng/ml) was much lower than the value 
(243 ng/ml) after intramuscular injection (Table 11). The fractions of the 
oral dose available to the systemic circulation, as calculated from Eq. 2, 
were in close agreement with observed values; however, the fractions 
predicted from clearance values after intravenous injection (Eq. 1) agreed 
well in only two of the four subjects (Table I). 


Norketamine was found in measurable concentrations after each route 
of administration. After intravenous injections of 0.125 and 0.25 rng/kg, 
apparent peak concentrations of 15-30 ng/ml and 20-60 ng/ml, respec- 
tively, occurred a t  15-60 min. Areas under the plasma norketamine 
concentration-time curves (corrected for dose) did not differ significantly. 
Although the mean peak norketamine concentration after oral admin- 
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Figure 2-Increase in time of ischemic exercise to  intolerable pain (sec) 
versus plasma ketamine concentrations (nglml) after intramuscular 
injection of ketamine (0.5 mg/kg) in six subjects. 
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Table 11-Pharmacokinetic Values (Mean *SE)  for Ketamine 
and  Norketamine in Fasting Volunteers a f t e r  Intravenous 
Injection, Intramuscular  Injection, or Oral  Administration of 
Ketamine a 


Administration Route, dose 
Intravenous Intramuscular 


Pharmacokinetic Injection, Injection, Oral Solution, 
Value 0.25 mg/kg 0.5 mg/kg 0.5 mg/kg 


Ketamine 
Cmax,  ng/ml - 243 (49) 44 (10) 


TBC‘, ml/min kg 19.1 (1.1) 23.2 (2.7) - 


- 30 (5) 
22 (4) 174 (50) 


tmax, min 
Half-life ( t l / 2 0 ) ,  min 186 (8) 155 (12) 
AUCb,  rnin ng/ml 27.5 (1.2) 23.6 (2.2) 4.8 (0.8) 


Norketamine 
Cmam ng/ml 92(10) 200(44) 
tmaxt min 63 (23) 78 (14) 60 (13) 
AUC,  rnin ng/ml 35.4 (3.8) 31.3 (3.8) 36.7 (3.9) 


N = 6. AUC, area under plasma concentration time curve, corrected to an 
administered dose of 0.5 mg/kg. TRC, clearance value, not corrected for bio- 
availability. 
istration was higher than after intramuscular injection, the areas were 
similar and neither differed significantly from that after intravenous 
injection (Table 11). 


Pain Measurements-In the control period, before administration 
of ketamine or normal saline, severe pain was observed after 75-105 sec 
of exercise and was reproducible in each individual on each occasion. The 
pain became intolerable after a further 7 sec (range 1-13 sec). The pain 
threshold was considered to have been raised when the pain was graded 
as “none” or “mild” a t  these times, or when the time to reach intolerable 
pain was significantly prolonged, or both. 


After intravenous injection of ketamine, the pain threshold elevation 
lasted for less than 10 min after 0.25 mg/kg and less than 5 rnin after 0.125 
mg/kg (14). At 15 and 30 min after intramuscular injection of ketamine, 
the period of ischemic exercise before pain became intolerable was sig- 
nificantly prolonged, by 24 and 21 sec, respectively. At later t,imes, and 
also after injection of normal saline, the period was not prolonged 
(11). 


Elevation of pain threshold after intramuscular injection occurred in 
all individuals for up to 1 hr; the corresponding plasma ketamine con- 
centrations were between 85 and 330 ng/ml. Concentrations that corre- 
sponded to a pain score of “none” or “mild” after 75-105 sec of ischemic 
exercise were significantly higher (186 f 23 ng/ml) than those when pain 
scores were “moderate” or “severe” (101 =k 8 ng/ml) (Fig. 1). There was 
a significant correlation between the plasma ketamine concentrations 
and the increase in time taken to reach intolerable pain (Fig. 2) in the hour 
after injection, but no significant correlation was found for norketamine 
concentrations. 


After oral administration, pain thresholds were not markedly elevated, 
and subjects experienced moderate or severe pain after 75-105 sec of 
ischemic exercise. The mean increase in exercise time before intolerable 
pain was reached was not significant except at  30 min after administration 
when the increase (9 sec) reached significance (0.05 > p > 0.025). Plasma 
ketamine concentrations were between 17 and 65 ng/ml. Norketamine 
concentrations were higher, in the range 80-390 ng/ml. No significant 
correlations were observed between plasma ketamine or plasma norke- 
tamine concentrations and the increase in time to reach intolerable 
pain. 


DISCUSSION 


The pharmacokinetics of intravenous ketamine in the analgesic doses 
used in this study are similar to those previously reported for anesthetic 
doses (3). Plasma concentration-time data were adequately fitted by a 
two-compartment open model, and apparent distribution volumes, ter- 
minal plasma half-lives, and clearance values after analgesic doses (0.125 
or 0.25 mg/kg) in volunteers did not differ significantly from those re- 
ported for anesthetic doses (2.5 mg/kg) in patients (14). Mean terminal 
plasma half-lives after anesthetic and analgesic doses were 151 and 186 
min, respectively. Both times are much longer than the value (79 min) 
reported for patients at  the end of an intravenous infusion (4). This dif- 
ference is attributed to the relatively short sampling period (2-2.5 hr) 
used in the latter study, since early termination of sample leads to un- 
derestimation of the half-life (24). Analysis of data for this period after 
intravenous injection of ketamine gave an apparent half-life of 105 
min. 


The low plasma ketamine concentrations after oral administration 
could have been due to incomplete absorption from the GI tract or to 
extensive metabolism during the first-pass through the liver. The rela- 
tively high concentrations of the metabolite norketamine suggest that 
liver metabolism is largely responsible. Where the liver is the sole site of 
metabolism, the area under the curve of concentration of metabolite 
uersus time is independent of route of administration (25). Since the area 
under the norketamine concentration-time curves after oral admink- 
tration was similar to that after intravenous injection (after correction 
for dose), the low plasma ketamine concentrations can be attributed solely 
to the extensive first-pass metabolism. Also, the fraction of the oral dose 
reaching the systemic circulation, as calculated from Eq. 2 on the as- 
sumption that absorption from the gut lumen was complete, was in good 
agreement with Fa,,,, the fraction calculated from area analysis. 


Estimation of the fraction of an oral dose reaching system circulation 
from areas after intrqvenous injection, using Eq. 1, gave good agreement 
in two subjects but underestimated the values in two. 


Since elevation of pain threshold was previously reported to be asso- 
ciated with plasma ketamine concentrations above 100-150 ng/ml (11, 
14), the absence of any marked effect after oral administration may be 
explained by the low concentrations of ketamine as these did not exceed 
SO ng/ml. Norketamine has been shown to have pharmacological activity, 
including analgesic properties, in the rat (15) but its effects in humans 
are not known. As high norketamine concentrations, up to 390 ng/ml, 
were found in some subjects after oral administration of ketamine, it is 
possible that this metabolite, either alone or in combination with ke- 
tamine, was responsible for the small increase in time taken to reach in- 
tolerable pain during ischemic exercise. However, no correlation was 
observed between the increase in time to reach intolerable pain and 
plasma norketamine concentration. The activity of other metabolites 
formed by hydroxylation of the cyclohexanone ring (Metabolites 3 and 
4) is not known and these are not measured in the assay. In view of the 
extensive first-pass metabolism, oral administration of ketamine in a dose 
of 0.5 mg/kg is not satisfactory for producing analgesia. 


After intramuscular injection, ketamine was rapidly and almost 
completely absorbed, and the fall in the terminal plasma concentrations 
represented the elimination phase, since the half-life did not differ from 
that observed after intravenous injection. 


Intramuscular injection of ketamine produced a marked elevation of 
pain threshold for between 15 and 60 min. Using the criterion of a pain 
score of “none” or “mild,” after 75 to 105 sec of ischemic exercise or an 
increase of 20 sec or more in the time to intolerable pain, it was found that 
elevation of pain occurred consistently at  plasma ketamine concentrations 
exceeding 160 ng/ml, but not a t  concentrations below 80 ng/ml (Fig. 1). 
These data make it possible to design dosage regimens and may increase 
the usefulness of ketamine as an analgesic agent. 


REFERENCES 


(1) M. M. Ghoneim and K. Korttila, Clin. Pharmacokinet., 2,344 


(2) M. Johnstone, Anaesth. Intensive Care, 1,’iO (1972). 
(3) J. Wieber, R. Gugler, J. H. Hengstmann, and H. J .  Dengler, 


(4) J. Idvall, I. Ahlgren, K. F. Aronsen, and P. Stenberg, Br. J .  An-  


(5) D. B. Caro, Anaesthesia, 29,227 (1974). 
(6) R. D. Wilson, T. J. Herrin, and J. V. Richey, Report of 5th Eu- 


ropean Congress of Anaesthesiology, Paris, France, 1978, p. 56. 
(7) Y. Ito and K .  Ichyanagi, Anaesthesia, 29,222 (1974). 
(8) L. Clausen, D. M. Sinclair, and C. H. Hasselt, S. Afr. Med. J . ,  49, 


(9) T. R. Austin, Br. Med. J . ,  2,943 (1976). 


(1977). 


Anaesthetist,  24,260 (1975). 


aesth., 51,1167 (1979). 


1437 (1975). 


(10) I. B. Harrison and N. H. Bigelow, Proc. Assoc. Res. Neru. Ment.  


(11) I. S .  Grant, W. S. Nimmo, and J .  A. Clements, Br. J .  Anaesth., 


(12) T. Walle and H. Ehrsson, Acta Pharm. Suer. ,  7,389 (1970). 
(13) T. Chang and A. J. Glazko, Anesthesiology, 36,401 (1972). 
(14) J. A. Clements and W. S. Nimmo, Rr. J .  Anaesth.. 53, 27 


(15) P. F. White, R. R. Johnston, and C. R. Pudwill, Anaesthesiology, 


(16) J. A. Nelder and R. Mead, Comput. J . ,  7,308 (1965). 
(17) J. A. Clements and L. F. Prescott, J .  Pharm. Pharmacol., 28,707 


(18) J. H. Ottaway, Biochem. J . ,  134,729 (1973). 


Dis., 23, 154 (1943). 


53,805 (1981). 


(1981). 


42,179 (1975). 


(1976). 


Journal of Pharmaceutical Sciences I 541 
Vol. 71, No. 5, May 1982 







(19) P. V. Pedersen, J.  Pharmacokinet. Biopharm., 5,513 (1977). 
(20) J. Durbin and G. S. Watson, Biometrika, 37,409 (1950). 
(21) M. Gibaldi and D. Perrier, "Drugs and the Pharmaceutical Sci- 


ences, Vol. 1, Pharmacokinetics," Marcel Dekker, New York, N.Y., 1979, 
pp. 232-252. 


(22) J. C. K. Loo and S. Riegelman, J .  Pharm. Sci., 57,918 (1968). 
(23) M. Rowland, ibid., 61,70 (1972). 


(24) M. Gibaldi and H. Weintraub, ibid., 60,624 (1971). 
(25) K. S. Pang and J. R. Gillette, ibid., 67,703 (1978). 


ACKNOWLEDGMENTS 


The authors are grateful to the Scottish Hospital Endowments Re- 
search Trust for financial support. 


Synthesis, Hydrolytic Reactivity, and Anticancer 
Evaluation of N -  and 0 -Triorganosilylated 
Compounds as New Types of Potential Prodrugs 


FANG-TING CHIU, YOUNG HWAN CHANG, GUNAY OZKAN, 
GERALD ZON x, KENNETH C. FICHTER *, and LAWRENCE R. PHILLIPS * 


Received April 24,1981, from the Department of Chemistry, The Catholic University of America, Washington, DC 20064, the 'Mid-Atlantic 
Accepted for Research Institute, Bethesda, MD 20014, and the $Bureau of Biologics, Food and Drug Administration, Bethesda, MD 20205. 


publication August 6,1981. 


Abstract N -  and 0-Triorganosilylated compounds related to various 
anticancer agents were synthesized for evaluation as potential anticancer 
prodrugs. 'H-NMR and UV kinetic measurements of hydrolytic desily- 
lation were used to correlate relative rates of structural unmasking with 
steric bulk about the silicon reaction center. The tert-butyldimethylsilyl 
ester of chlorambucil and a number of 0-triorganosilylated carbamate 
derivatives of nor-nitrogen mustard showed significant activity against 
P-388 lymphocytic leukemia in mice. 


Keyphrases Prodrugs-N- and 0-triorganosilylated compounds, 
synthesis, potential anticancer prodrug Anticancer agents-synthesis 
of N -  and 0-triorganosilylated compounds, potential anticancer prodrugs 


Triorganosilylated compounds-synthesis and evaluation of potential 
anticancer prodrugs 


In an earlier investigation of potential anticancer pro- 
drugs (l), it was found that O-aryl-N,N-bis(2-chloroeth- 
y1)phosphorodiamidates are resistant toward chemical 
activation involving P-OAr hydrolysis and failed to provide 
evidence for in vivo formation of phosphoramide mustards, 
which are usually cytotoxic and may exhibit anticancer 
activity (2). The hydrolytic lability (3) of Si-N and Si-0 
bonds suggested that strategically triorganosilylated de- 
rivatives of known oncostatic agents might constitute a 
class of compounds which are, for kinetic reasons, more 
suitable candidates for anticancer prodrugs. The possi- 
bility of controlling drug unmasking rates (desilylation) 
by manipulating the nature of the silicon reaction center 
represents an interesting feature of these hypothetical 
compounds. The expected hydrolysis byproducts, namely 
triorganosilanols and disiloxanes, are generally nontoxic 
(4). Derivatization with a triorganosilyl group increases 
lipophilicity; consequently, triorganosilyl prodrugs might 
eventually prove to be useful against central nervous sys- 
tem cancers, which apparently require somewhat more 
lipophilic chemotherapeutic agents for effective penetra- 
tion of the blood-brain barrier (5). 


In view of the widespread interest in the design of an- 
ticancer prodrugs (6, 7) and the development of orga- 
nosilicon compounds as medicinal agents (S ) ,  the afore- 
mentioned proposal is unique in that it encompasses both 


of these growing research areas. This report is the first of 
a series of exploratory investigations of hydrolytically la- 
bile N -  and 0-triorganosilyl prodrugs having potential 
anticancer activity. These studies include the synthesis of 
several new classes of nitrogen mustards, measurement of 
hydrolytic desilylation rates by a combination of 'H-NMR 
and UV methods, examination of the hydrolysis mecha- 
nisms by Hammett-type kinetic studies and 180-labeling, 
and the comparison of screening results obtained with 
experimental cancers in mice. 


EXPERIMENTAL 


NMR refers to 'H-NMR at  60 MHz, except as noted; chemical shifts 
refer to deuterochloroform and are relative to internal tetramethylsilane, 
unless specified otherwise. 31P-NMR spectra were recorded at  40.25 MHz 
using a 7r/2 pulse (13 fisec) and a 2-sec repetition time. All organosilicon 
starting materials were commercially available and were checked for 
purity by N M R  if necessary, further purification was achieved by either 
conventional distillation or recrystallization. All handling and reactions 
of organosilicon compounds were performed under an atmosphere of dry 
nitrogen; all reagents and solvents were anhydrous. Satisfactory elemental 
analyses were not always possible, due to hydrolytic reactivity. However, 
each product was reliably characterized by NMR as well as IR (9-11) 
and/or mass spectroscopy. In all cases, NMR signal integrations estab- 
lished that product purity was >900/0. Electron-impact mass spectra were 
scanned from samples introduced uia a solids' direct probe inlet. The 
probe, when loaded with a sample and properly positioned with respect 
to the ion source, was heated a t  100"/min from ambient temperature to 
a final temperature of 320'. The ion source temperature was 180°, the 
ionizing potential was 70 eV, and the ionizing current was 50 PA. Ana- 
lytical thin-layer chromatography (TLC) employed 2.5 X 10-cm plates 
coated with a 250-fim layer of silica gel containing a fluorescent indicator; 
component visualization was achieved with iodine vapor and/or a short 
wavelength UV lamp. Column chromatography utilized 60-200 mesh 
silica gel, which was dried by heating at  150" for 24 hr and then cooling 
to room temperature under nitrogen. 


All compounds having a bis(2-ch1oroethyl)amino functionality are 
potentially toxic and/or mutagenic and should be handled with extreme 
care. 


O,O-Dimethyl-N,N-bis(2-chloroethyl)phosphoramidate (111) 
-Lithium methoxide was prepared fresh by slowly adding a benzene 
solution (10 ml) of methanol (6.5 ml) to a mixture of benzene (10 ml) and 
sliced lithium wire (15 cm, 6.11 mmoles/cm) at  25". After an additional 
3 hr of stirring, a solution of I (12) (10.4 g, 40 mmoles) in benzene (40 ml) 
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frigerated overnight and a yellow product was collected, washed with 
water, dried, and recrystallized. 


2-Aryl-7-hydroxy-6-( p-substituted pheny1azo)-5 H- 1,3,4-oxadi- 
azolo [3,2-a]pyrimidin-5-ones (Xb-d, Table 111)-The appropriate 
sulfonamide (1 mmole) was dissolved in acetic acid (20 ml) and the so- 
lution was cooled to 5'. A cold solution of sodium nitrite (1.1 mmole) in 
water (5 ml) was added and the resulting diazonium salt solution was 
filtered into a stirred solution of the proper VIII (1 mmole) in acetic acid 
(50-100 ml) a t  10'. The reaction mixture was then worked up as described 
for X u ,  and the yellow crude product crystallized from the suitable sol- 
vent. 


Reaction of VIIIa with Bis(2,4,6-trichlorophenyl)benzylmalonate. 
(VI1e)-Equimolar amounts of VIIIa (0.23 g, 1 mmole) and VIIe (0.55 
g, 1 mmole) were refluxed in bromobenzene (25 ml) for 3 hr. The product 
(XI-A) that separated out on cooling was filtered, washed with light pe- 
troleum, and dried. It was recrystallized from a large volume of boiling 
ethanol, mp 306-308'. The yield was 72%; IR (KBr): 3650-2900 (OH), 
1750 (C=O, a-pyrone), 1690 (C=O, amide), a band split at 1620 and 
1605, 1585, 1560, 1505 (C=N, C=C, and aromatics), 1255, and 1025 
(C-0-C) cm-'; mass spectrum: m/z (relative abundance, %) 387 (69) 
(M+). 


Anal.-Calc. for C21H13N305: C, 65.1; H, 3.4; N, 10.85. Found: C, 65.3; 
H, 3.7; N, 10.3. 
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Abstract 0 Cholesterol dissolution rate accelerators, such as benzal- 
konium chloride, function by reducing the interfacial barrier that exists 
between the negatively-charged bile acid micelle and the negatively- 
charged cholesterol surface. It has been proposed that this reaction is 
accomplished by the binding of the positively-charged accelerator to the 
negatively-charged micelle. An earlier report showed that different solid 
preparations of cholesterol give different dissolution rates under the same 
conditions and these differences can be primarily accounted for by 
variations in the interfacial transport constant (P) .  By using the rotating 
disk dissolution apparatus and the Levich theory i t  has been possible to 
study the dissolution behavior of different cholesterol solid phases as a 


function of the benzalkonium chloride concentration. It was shown that 
the ratios of P values for the different phases are relatively constant over 
the range of the accelerator concentrations. This suggests that the ac- 
celerators act primarily on the micelle to enhance dissolution rate. 


Keyphrases 0 Benzalkonium chloride-effect on dissolution of cho- 
lesterol preparations in bile acid solutions n Dissolution-cholesterol 
preparations, effect of benzalkonium chloride, bile acid solutions 
Cholesterol-effect of benzalkonium chloride on dissolution, bile acid 
solutions Gallstone kinetics-effect of benzalkonium chloride on 
dissolution of choleqterol preparations in bile acid solutions 


Physicochemical studies of gallstone (cholesterol) dis- 
solution kinetics have been performed in these laboratories 
(1-7). Theoretical treatment (2) showed that in uiuo dis- 


solution of cholesterol gallstones occurred at  much lower 
rates than expected if dissolution were totally diffusion 
controlled. It was proposed that interfacial factors may be 
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Figure l--Zhrwlutir,n rate versus bulk concentration for the normal 
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K e y  


important in uiuo. It was also shown (1-3) that in uitro 
dissolution of cholesterol gallstones in simulated and in 
human bile was dominated by an interfacial barrier a t  the 
crystal-solution interface. Kwan et al. (6) studied the in- 
terfacial process as a function of bile acid type and con- 
centration, bile acidflecithin ratio, and electrolyte type and 
concentration. He found that the interfacially-controlled 
dissolution rate increased with increasing bile acid con- 
centration, increasing bile acidllecithin ratio, and in- 
creasing electrolyte concentration. 


BACKGROUND 


The elimination of this interfacial barrier by appropriate measures is 
expected to be clinically significant. Studies by Prakongpan et al. (4,5) 
showed that when quaternary ammonium compounds were added to the 
bile acid-lecithin solutions, dissolution rates were enhanced tremen- 
dously and approach the diffusion-controlled rates at  high concentration. 
Previous studies (8) on the acceleration effect of primary, secondary, and 


3 t 0 


Cb, mg/ml 


Figure 2-Dissolution rate versus bulk concentration for the rapid (If) 
pellets in ,if';, sodium cholate, 0.1 M phosphate buffer, and 0.25"1 
benzalkonium chloride a t  pH 8.0. Key: 0,  20; 0 ,  -50; 0, 150; and 0, 
4.50 rpm. 


cb, mg/ml 


Figure 3-Dissolution rate versus bulk conccntration for thc melt (111) 
pellets in .5'L sodium cholate,  0.1 M phosphate buffer. and 0.2,5@; 
benzalkonium chloride at pH 8.0. Key: 0 ,  20; 0 ,  50; 0. 150; and 0, 
4iiO rpm. 


tertiary amines, quaternary ammonium compounds, steroidal amines, 
and other surfactants, found that the cationic surfactants and the ste- 
roidal amines were effective, but the nonionic and anionic surfactants 
were not. 


Other work (8) led to the following interpretations regarding dissolu- 
tion mechanisms. Since the surface reaction rate increases with increasing 
micelle concentration (increasing bile acid concentration) and since the 
dissolution rate is very sensitive to electrolytes, it was concluded that the 
micelle is the primary carrier of cholesterol in the rate-limiting step. It 
was proposed that increasing the counterion concentration results in the 
reduction of the electrical repulsion which exists between the nega- 
tively-charged bile acid micelle and the negatively-charged cholesterol 
surface. The observation that only cationic surfactants were effective 
cholesterol dissolution accelerators was interpreted as: ( a )  adsorption 
of aliphatic long-chain cations on the cholesterol surface aids reduction 
of the electrical repulsion between the negatively-charged cholesterol 
surface and the negatively-charged micelle, and/or ( b )  the formation of 
mixed micelles which reduce the net negative charge on the micelle, thus 
easing the approach of the micelles to the charged surface. 


Pate1 and Higuchi (9,lO) carried out a systematic study of cholesterol 
dissolution rate acceleration mechanisms. Using membrane transport 


0 


t 


1 
0.001 4 


4.00 2.00 3.00 4.00 5.00 6.00 7.00 
w x ,  (rad/sec)% 


Figure 4-Rrst-fit anal\,.sis of thc normal pel le ts  (1) in .i';( sodium 
cholate, 0. I M phosphate buffer, and 02.5"0 benzalkonium chloride at 
pH 8.0. Key: c h  = 0.  0.0: A,  0.3; and +, 1 . 1  mglml. 
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Table I-Dissolution Rates of t he  Normal (I)  Cholesterol Pellets under  Par t ia l  Saturation Conditions in  5% Sodium Cholate, 0.1 M 
Phosphate Buffer, and  Benzalkonium Chloride at pH 8.0 


0.0% Benzalkonium Chloride 0.25% Benzalkonium Chloride 0.5% Benzalkonium Chloride 
cb 9 JIA X lo4 f Rangeo, JIA X lo4 f Range", J I A  X lo4 f Range", 


mg/ml rPm mglsec cm2 mglsec cm2 mglsec cm2 


0.0 20 
50 


150 
450 


0.2 20 
50 


150 
450 


1.1 20 
50 


150 
450 


0.58 f 0.01 
0.67 f 0.04 
0.72 f 0.01 
1.07 f 0.03 
0.52 f 0.01 
0.54 f 0.01 
0.59 f 0.01 
0.88 f 0.01 
- 
- 
- 
- 


0.14 f 0.01 
0.15 f 0.01 
0.16 f 0.01 
0.22 f 0.01 


1.07 f 0.08 
1.43 f 0.01 
1.68 f 0.08 
2.31 f 0.01 
- 
- 
- 
- 


0.91 f 0.03 
1.18 f 0.03 
1.29 f 0.03 
1.68 f 0.04 
0.22 f 0.01 
0.27 f 0.01 
0.29 f 0.01 
0.44 f 0.04 


1.34 f 0.02 
1.78 f 0.05 
2.10 f 0.02 
3.43 f 0.05 
- 
- 
- 
- 


1.09 f 0.01 
1.40 f 0.04 
1.76 f 0.04 
2.57 f 0.04 
0.27 f 0.02 
0.32 f 0.01 
0.36 f 0.01 
0.62 f 0.02 


a Each J / A  value is an average of two experiments and the range refers to the high and low values 


methods, the concentrations of bound and unbound accelerators were 
determined in the simulated bile acid solutions at  low concentrations of 
accelerators. From the determinations of bound and unbound amine in 
simulated bile and from data on cholesterol dissolution rate acceleration, 
it was shown that the amount of bound amine correlated with the efficacy 
of cholesterol monohydrate dissolution rate acceleration and that the 
charged form of the amine was important. The electrophoretic mobility 
of chenodeoxycholate micelles was measured as a function of the amine 
concentration using the moving boundary electrophoresis method. In 
addition, particle microelectrophoresis studies showed that there was 
no significant surface charge variation on cholesterol particles as a 
function of amine concentration. From an analysis of these data, it was 
proposed that the predominant mechanism by which the amines en- 
hanced the dissolution rate involved reducing the electrical charge of the 
bile acid micelles. 


The present investigation studied the action of dissolution rate ac- 
celerators upon different solid cholesterol phases and attempted to de- 
termine the extent to which the donor phase may influence interfacial 
transfer acceleration kinetics. 


THEORY 


The rotating disk dissolution rate equation described previously (5) 
is appropriate for the present study. The following may be used to de- 
scribe dissolution rate (11): 


where: 


J = dissolution rate 
A = apparent surface area of the pellet (cm2) 
D = diffusion coefficient (cm2/sec) 


u = kinematic viscosity (cm2/sec) 
w = angular velocity of rotation (radiandsec) 
Cs = saturation solubility (mglml) 
c b  = bulk concentration (mg/ml) 
P = permeability coefficient (interfacial transport constant, cm/ 


sec) 


EXPERIMENTAL 


Solutions-Sodium cholate test solutions were prepared by adding 
equivalent portions of cholic acid with sodium hydroxide. The pH of the 
solutions was then adjusted to 8.0. Dissolution rate accelerators (benz- 
alkonium chloride) and buffers were added as needed. The solutions were 
allowed to equilibrate for 1 day before use. 


Materials-Commercially obtained cholesterol' was recrystallized 
three times from 95% ethanol. Radioactive cholesterol monohydrate was 
prepared by mixing 100 pCi of [4-14C]cholesterol with a given amount 
of the purified cholesterol a t  60° in 400 ml of 95% ethanol. The solutions 


1 J .  T. Baker Co., Phillipsburg, N.J. 


Table 11-Dissolution Rates of t he  Rapid Cholesterol (11) Pellets 
under Partial Saturation Conditions in  5% Sodium Cholate, 0.1 
M Phosphate Buffer, and  Benzalkonium Chloride a t  pH 8.0 


0.0% 0.25% 0.50% 
Benzalkonium Benzalkonium Benzalkonium 


Chloride Chloride Chloride 


c b ,  Range", Rangea, Range", 
mglml rpm mg/sec cm2 mglsec cm2 mglsec cm2 


J / A  x 104 f J I A  x 104 f JIA x 104 f 


0.0 20 
50 


150 
450 


0.3 20 
50 


150 
450 


1.1 20 
50 


150 
450 


0.85 f 0.02 
0.96 f 0.05 
1.18 f 0.03 
1.44 f 0.04 
0.59 f 0.02 
0.77 f 0.00 
0.88 f 0.02 
1.08 f 0.10 
0.15 f 0.02 
0.14 f 0.01 
0.19 f 0.02 
0.26 f 0.01 


1.70 f 0.00 
2.14 f 0.17 
2.48 f 0.07 
3.68 f 0.06 
1.32 f 0.01 
1.61 f 0.00 
1.95 f 0.01 
3.23 f 0.04 
0.28 f 0.03 
0.30 f 0.03 
0.30 f 0.00 
0.54 f 0.00 


1.94 f 0.02 
2.59 f 0.09 
3.33 f 0.01 
4.51 f 0.01 
1.43 f 0.07 
1.99 f 0.12 
2.59 f 0.07 
3.62 f 0.08 
0.36 f 0.02 
0.42 f 0.02 
0.51 f 0.00 
0.82 f 0.07 


~ ~ ~ ~~ ~ ~ ~ ~~ 


a See Table I. 


were then allowed to stand undisturbed for 2 days at  room temperature. 
The crystals were filtered and dried in U ~ C U O  for 24 hr. The purified 
crystals were stored in the dark and in a container saturated with water 
vapor a t  room temperature. 


Three preparations of cholesterol were used. Normal cholesterol 
(sample I) was prepared by crystallizing 5 g of cholesterol in 400 ml of 95% 
ethanol. Rapidly crystallized cholesterol (sample 11) was prepared by 
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Figure 5-Best-fit analysis of the rapid ( I I )  pellets in 5% sodium 
cholate, 0.1 M phosphate buffer, and 0.25"; benzalkoniun chloride at 
pH8.0 .  Key: cb, 0 , O . O ;  A,0 .3;and +, 1.1 mglml. 
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Table 111-Dissolution Rates of the Melt  (111) Pellets under Partial Saturat ion Conditions in  5 %  Sodium Cholate, 0.1 M Phosphate 
Buffer, and Benzalkonium Chloride a t  pH 8.0 


0.0% Benzalkonium Chloride 
c b  I JIA X lo4 f Range", 


mglml rPm mglsec cm2 mg/sec cm? 


0.0 20 2.41 f 0.00 2.74 f 0.00 
50 3.24 f 0.06 3.73 f 0.01 


150 3.67 f 0.05 5.48 f 0.08 
450 4.39 f 0.00 6.91 f 0.33 


0.3 20 2.09 f 0.10 2.17 f 0.03 
50 2.75 f 0.13 3.21 f 0.03 


0.25% Benzalkonium Chloride 
J / A  X 10" f Range", 


.. 


150 
450 


1 .0 20 
50 


2.94 IO.09 
3.85 f 0.23 
1.17 f 0.03 
1.34 f 0.02 


4.60 f 0.00 
6.53 f 0.06 
1.13 f 0.04 
1.45 f 0.07 


150 1.64 f 0.01 2.00 f 0.08 
450 1.92 f 0.06 3.11 f 0.04 


See Table 1. 


crystallizing 10 g of cholesterol in 400 ml of 95% ethanol. A melt prepa- 
ration (111) was obtained by heating sample I at 160' for 10 min. Pellets 
of each sample were prepared and experiments were run as described 
previously (5). Cholic acid was recrystallized three times from 95% ethanol 
and the purity was checked and confirmed by TLC. Benzalkonium 
chloride' was used as received. 


Differential scanning calorimetric thermograms were obtained for the 
three cholesterol samples. Thermograms of samples I and I1 showed 
endotherms at  80', corresponding to the release of water from cholesterol 
monohydrate. This endotherm was absent from thermograms of sample 
111. Samples 1-111 showed endotherms at 150' for melting. In general, 
these thermograms agree with those obtained previously (12). 


Assessment of the Experimental  Systems Based on the Solid 
Preparation Study-Test solutions of 5% sodium cholate, 0.1 M 
phosphate buffer, and 0.0,0.25, and 0.5% benzalkonium chloride a t  pH 
8.0 were used. These conditions were chosen because the diffusion con- 
trol/interfacial control ratios would be small to moderate and thus allow 
for reliable determinations of P values. If a test solution with 1.0% 
benzalkonium chloride were used, the melt pellets would dissolve -100% 
diffusion controlled and the uncertainty in the P value determination 
would be too great. 


RESULTS AND DISCUSSION 


The dissolution rates for the various cholesterol pellets were deter- 
mined in partially saturated solutions a t  various rotational speeds at  37O. 
Tables 1-111 show the dissolution rates as a function of rotational speed 
and partial saturation for samples 1-111. As can be seen, there are sig- 


0 . ~ ~ 1  / O  


0.60,. 


4 
1.00 2.00 3.00 4.00 5.00 6.00 7.00 


a%, (rad/sec)% 
Figure 6-Best-fit analysis of the  mel t  pellets (fIf) i n  5% sodium 
cholate, 0.1 M phosphate  buffer, and 0.25% benzalkonium chloride at 
pH 8.0. Key: c b ,  0, 0.0; A, 0.3; and +, 1.0 mglml. 


0.5'% Benzalkonium Chloride 
J / A  X lo4 f Range", 


' mg/sec cm2 


3.07 f 0.00 
3.98 f 0.14 
6.66 f 0.15 


10.52 f 0.22 
2.35 f 0.05 
3.66 f 0.19 
5.37 f 0.11 
8.31 f 0.46 
1.40 f 0.08 
1.54 f 0.02 
2.49 f 0.02 
3.68 f 0.06 


nificant differenres in the dissolution rates among pellet types. 
Dynamic solubilities were determined by plotting dissolution rate 


( J I A )  against bulk concentration (Cb). Figures 1-3 show the results of 
the experiments carried out in 5% sodium cholate, 0.1 M phosphate 
buffer, and 0.25% benzalkonium chloride solutions a t  pH 8.0. By ex- 
trapolation of the data to zero J / A  the dynamic solubilities can be de- 
termined. This was done with the data in Figs. 1-3 except for the 450-rpm 
experiments where deviations from Eq. 1 were noted (the possible cause 
of these deviations is discussed later). Figures 1-3 show a linear decrease 
in dissolution rate with increasing partial saturation. This indicates that 
the dissolution kinetics are proportional to AC over the entire range of 
saturation. These figures show that the dynamic solubility is -1.35,1.30, 
and 1.65 mg/ml for the sample I, 11, and I11 pellets, respectively. The 
tabulated dissolution rates for the three solid preparations in this system 
are shown in Tables I, 11, and 111, respectively. 


Figures 4-6 show the Levich plots of the described data. The deviations 
from linearity clearly show the presence of the interfacial barrier in the 
dissolution process. If cholesterol dissolution were completely diffusion 
controlled, a plot of J / A  uersus w1I2 would give a straight line through 
the origin. 


From a best fit analysis (using a kinematic viscosity of 6.99 X 10-3 
cm2/sec), based on a 15% correction (5) of Eq. 1, it was possible to obtain 
values for C,, P,  and D, where P is the interfacial transport constant and 
D is the diffusivity. The calculated dissolution rates using the best fit 
values were compared to the experimental dissolution rates and Figs. 4-6 
show the good agreement between the two. The same analysis was done 
for the three pellet types in 0.0 and 0.50% benzalkonium chloride solu- 
tions. Figures 7-9 show the Levich plots for the 0.50% benzalkonium 
chloride system. Again, a good fit between experiment and theory is seen. 
It should be noted that the points a t  450 rpm (wl"' = 6.86) were not 
weighted in this analysis. 


A possible explanation for the high J / A  value a t  450 rpm in some of 
the experiments is the following. Microscopic examination of individual 
crystals of cholesterol monohydrate in bile acid solutions showed that 


0.32 t 
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Figure-7-Best-fit analysis o f  the  normal pellets (I) in  5% aodium 
cholate, 0.1 M phosphate  buffer. and  0.5% berzzalhonium chloride at  
pH8.0.  Key:  c b ,  0,  0.0; A,0 .3;and t, 1.1 mglrnl. 
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Table IV-Summary of the Partial Saturation Experiments and 
the Best-Fit Analysis for the Three Pellet Types in 5% Sodium 
Cholate, 0.1 M Phosphate Buffer, and 0.0% Benzalkonium 
Chloride at pH 8.0 


C,s from Extra- Best-Fit Analysis 


Pellet Saturation Data C,, mg/ml cm/sec cmZ/sec 
polation of Partial P x 104, D x 106, 


I 1.45 (20 rum) 
1.45 (50 rpm) 


1.38 (20 rum) 
I1 1.45 (150 rpm) 1.45 0.51 1.25 


1.36 (50 rpm) 


T6 (20 rpm) 
‘2 (50 rpm) 
‘6 (150 rpm) 1.79 3.32 1.16 


111 1.37 (150 rpm) 1.37 0.96 1.15 


surface etching occured. Within 2 hr, a definite saw-tooth pattern de- 
veloped along the crystal edge. At high rotational speeds in the rotating 
disk experimet1t.s it is possible that the effective surface area might be 
increased or that some shearing of the peaks along the crystal surface 
takes place. This react ion, along with normal micellar dissolution, could 
result in a positive deviation in the apparent dissolution rate from that 
expected from theory. 


Tables IV-VI summarize the results of the partial saturation experi- 
ments and the least-squares analysis. I t  can be seen that the C, values 
obtained for the normal pellets (sample I) and the rapid pellets (sample 
11) are nearly equivalent, while the C,s values obtained for the melt pellets 
(sample 111) was -20%, higher in all cases. It should be noted that the 


es fur samples I and I1 obtained from the partial saturation ex- 
periments agreed with the saturation solubilities of cholesterol (13). 


The I) values reported here are somewhat smaller than those obtained 
earlier (14, 15) for bile salt-lecithin systems. Since cholesterol dissolution 
is essentially surface controlled, the error in determining D values from 
the present dissolution-rate would be rather large; therefore, significances 
should not he attached to differences between the D values reported here 
and those determined using conventional methods (see Appendix).  


Possible Meaning of P i n  Relation to the Dissolution Process-In 
general, the solubilization process involves contact of the solvent with 
the solid surface, where an int.eraction occurs; this is followed by the 
transport of the solute or product molecules away from the interface into 
the hulk. The dissolution of cholesterol in bile acid solutions can be re- 
garded as following this mechanism. The slow or rate-determining step 
in this process is the approach of the micelle to the cholesterol surface 
and the subsequent transport of cholesterol molecules into the micellar 
phase. This process is associated with the interfacial transport constant 
P. 


To understand how the benzalkonium chloride acceleration effects may 
be dependent on the solid phase of cholesterol, a more detailed consid- 
eration of the process is necessary. The model in Fig. 10 is proposed. 


Step 1: The micelle moves from the bulk solution through the aqueous 
diffusion lager to a region close to  the pellet surface. 


Step 2: Molecules from the solid surface may disengage as a function 
oltheir conl’igurations and energies. These molecules remain close to the 
solid surface and can be thought of as part of the adsorbed layer. 


Step :3 :  Solul)ilization of these relatively free molecules occurs a t  the 
crystal-solution interface as a result of micelle surface “collisions.” This 
solul~ilization process is a function of a steady-state concentration of the 
free cholesterol near the surface. The larger the k l  value, the greater the 
concentration ( i f  free cholesterol and the greater the dissolution value. 
Table V-Summary of the Partial Saturation Experiments and 
the Best-Fit Analysis for the Three Pellet Types in 5% Sodium 
Cholate, 0.1 M Phosphate Buffer, and 0.25% Benzalkonium 
Chloride at pH 8.0 


C, from Extra- Best-Fit Analysis 
polation of Partial C , ,  P x 104, D x 106, 


Pellet Saturation Data mg/ml cm/sec cm2/sec 


I 1.35 (20 rpm) 
1.36 (50 rpm) 


1.32 (20 rum) 
I1 1.33 (150 rpm) 1.35 1.62 1.04 


1.30 (50 rpm) 


1.64 (20 rpm) 
1.65 (50 rpm) 
1.64 (150 rum) 1.63 10.62 1.04 


111 1.28 (150 rpm) 1.29 3.28 1.04 


Table VI-Summary of the Partial Saturation Experiments and 
the Best-Fit Analysis for the Three Pellet Types in 5% Sodium 
Cholate, 0.1 M Phosphate Buffer, and 0.50% Benzalkonium 
Chloride at pH 8.0 


C, from Extra- Best-Fit Analysis 
polation of Partial C,, P x 104, D x 106, 


Pellet Saturation Data m d m l  cm/sec cmZ/sec 


I 1.41 (20 rpm) 
1.38 (50 rpm) 


1.36 (20 rum) 
I1 1.36 (150 rpm) 1.36 2.19 1.08 


~~~ -=---I 


1.33 (50 rpm) 


1.72 (20 rpm) 
111 1.32 (150 rpm) 1.33 4.85 1.08 


1.66 (50 rpm) 
1.66 (150 rpm) 1.63 15.87 1.12 


A large k l  would essentially mean a high concentration of accessible 
cholesterol for soluhilization by the micelles during collision. 


In context of the present experiments, k l  may be related to several 
factors. A low intrinsic activation energy for molecular disengagement 
would contribute to a large kl. A large microscopic surface area a t  the 
pellet surface or a high density of active sites may also lead to a large ef- 
fective k 1. The results of the present study suggest that  the activational 
free energy (or the effective activation free energy) for the cholesterol 
molecule disengagement from the surface of the melt preparation is lower 
than that for the monohydrate preparations. This might have arisen from 
the possibly greater general state of disorganization of the surface mol- 
ecules in the anhydrous melt, or from other factors such as crystalline 
defects which may have been more preponderant in the melt prepara- 
tions. 


This description of the dissolution process, together with earlier studies 
(9) on the influence of long-chain alkyl ammonium ions upon cholesterol 
dissolution rates in sodium chenodeoxycholate solutions, may be used 
to examine the present results with benzalkonium chloride. Table VII 
summarizes the P values and their ratios for all of the experiments. The 
PIIIPI and the PII I /P I  ratios are relatively constant (-2.0 and 7.0, re- 
spectively) over the benzalkonium chloride concentration range, up to 
0.5%. The  ratios change only -10-1570 over a four- to fivefold range of 
rates. 


Constancy in the PII /PI  and the PII I /P I  ratios would be consistent with 
the following analysis. If the relevant surface charge densities for all three 
cholesterol preparations were essentially the same, and if the addition 
of benzalkonium chloride to the system did not significantly influence 
the surface charges, then the mechanism proposed earlier (9,lO) (i.e., 
the partial neutralization of the negative micellar charge) may dominate 
and would predict that  kz (Fig. 10) would be essentially the same in the 
experiments with all cholesterol samples. Then, if the k l  values are not 
influenced by benzalkonium chloride or if k l  values are affected the same 
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Figure 8--Hest-fit anal j isis of the rapid (11) pel le ts  i n  5% sodium 
cholate, 0.1 M phosphate bu f f e r ,  and  0..5‘;, berizalkonium chloride a t  
pH 8.0. Kcy:  Ch,  0, 0.0; A,  0.3; and +, 1.1 mglml. 
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Table VII-Summary of t he  P Values Obtained as a Function of Benzalkonium Chloride Concentration 


Percent 
Benzalkonium 


Chloride in 
Solution 


0.0 
0.25 
0.50 


~ 


0.51 
1.62 
2.19 


0.96 
3.28 
4.85 


3.32 1.90 
10.62 2.02 
15.87 2.20 


6.53 
6.55 
7.25 


Table VIII-Summary of t he  C, Values Obtained as a Function of Benzalkonium Chloride Concentration 


Percent 
Benzalkonium 


0.0 1.45 1.37 1.79 0.95 1.23 
0.25 1.35 1.29 1.63 0.96 1.21 
0.50 1.36 1.33 1.63 0.97 1.20 


(percentage-wise) for all three samples, then constancy of the P ratios 
should be expected. 


A corollary analysis might assume, for example, that there are inter- 
actions between benzalkonium chloride and the cholesterol surface to 
reduce the surface charge density. However, if the initial surface charge 
densities and the benzalkonium chloride surface effects are essentially 
the same for all preparations, then again kz would be expected to be the 
same for the three preparations. For this situation, if the initial k l  values 
are not affected by the benzalkonium chloride or if they are affected the 
same, the constancy of the P ratios would again be expected. 


The first of these two interpretations may easily explain the behavior 
difference between sample I and sample I1 since both of these are cho- 
lesterol monohydrates with the same differental scanning colorimetric 
patterns and essentially the same solubilities (Table VIII). In terms of 
the proposed model, sample I and sample I1 might differ only in that their 
kl (or their apparent k l )  values are different because of differing mi- 
croscopic surface areas or crystallite sizes. The conditions associated with 
kz might be expected to be identical for these two preparations. 


The constancy of the PIIIIPI ratio is more difficult to predict since 
sample 111 is anhydrous cholesterol that  had undergone a melting step. 
The present data suggest, however, that the proposed mechanism may 
be correct even in this instance; although k 1 may be significantly greater 
for the melt than for the sample I monohydrate, it is relatively unin- 
fluenced by benzalkonium chloride. The electrical characteristics of the 
melt pellet surface is similar to that for the monohydrate under the 
present dissolution kinetics conditions so that the primary effect of 
benzalkonium chloride is the reduction of the micellar charge and facil- 
itating step 3 uia the enhancement of k z .  
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Figure 9-Best-fit analysis of the melt ( I l l )  pellets i n  5 6  sodium 
cholatc,  0.1 M phosphate buffer, and 0.5f:, benzalkonium chloride at  
p H  8.0. Key: c b ,  0 ,  0.0; A, 0.3; and +, 1.0 mglml. 
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Figure 10-Step l-Tht7 micelle maim from the bulk solution through 
the ayueous diffusion layer to  a region close to the  pellet surface. Step 
2-MolecuIes from the solid surface may disengage as a function of their 
configurations and energies. These molecules remain close to the solid 
surface and can be considered part o f the  adsorbed layer. Step 3-so- 
lubilization of these relatioely free molecules occurs at  the crystal-so- 
lution interface as a result of micelle surface “collisions.” The  symbol 
kz is the rate constant for the solubilization of the  (surface) free cho- 
lesterol by the micelle. 


Journal of Pharmaceutical Sciences I 187 
Vol. 71. No. 2, February 1982 







APPENDIX 
Sensitivity of the Best Fit Analysis to P-To relate the present re- 


sults to their sensitivities to P,  the parameters C, and D must he con- 
sidered. As already shown, there was good agreement between the solu- 
bilities obtained from the best fit analysis and those obtained from ex- 
trapolation of the partial saturation data. Diffusivities obtained from the 
best fit analysis were in fairly good agreement with those obtained ex- 
perimentally. Diffusivity measurements were made a t  37O in a small 
volume diaphragm diffusion cell employing a modified Keller’s method 
(14). The D values determined experimentally in 0.0, 0.25, and 0.50% 
henzalkonium chloride solutions were 1.52,1.40, and 1.28 X cm2/sec, 
respectively. These compare with the best f i t  D values of 1.25,1.04, and 
1.08 X cm2/sec. 


Because of the good agreement between experimental and best f i t  
parameters for C, and D ,  an assessment of P can now be made. I t  must 
be remembered that as a system approaches total diffusion control, P 
becomes very large (surface equilibrium is fast) and therefore, 1/P he- 
comes small. The smaller the l/P ratio, the less sensitive the best fit re- 
sults will be to small changes in P. Another look a t  the systems studied 
shows that the diffusion control/interfacial control ratios are small to 
moderate except for the melt pellets in 5% sodium cholate, 0.1 M phos- 
phate buffer, and 0.50% benzalkonium chloride a t  pH 8.0 where the dif- 
fusion control/interfacial control ratio is -900/0. By making small changes 
in P ,  the sensitivity of the best fit results can he seen. It can be shown that 
if P is varied by f10% there is little change in the best fit results. However, 
a change in P greater than 10% will result in marked deviation of the 
experimental results and the theoretical curves. For the case where the 
diffusion control/interfacial control ratio is -90%, the uncertainty in P 
can be as high as 25%. 
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Abstract  A hammer mill is an impact mill commonly used in phar- 
maceutical manufacturing for reducing particle size for a variety of drugs. 
Commercial grade ammonium sulfate was milled as a model powder. This 
salt was sieved to obtain particle size fractions with average diameters 
of 1.3,0.9, and 0.72 mm which were used as feed particles. The milled 
material was analyzed for particle size distribution (PSD) using standard 
sieves. A t  a moderate speed (-2500 rpm), the feed size did not result in 
a significantly changed arithmetic mean diameter, d i  of milled particles. 
A new particle size reduction constant, k ,  is proposed as a result of a linear 
relationship between dr and output screen size, dS8. As d,, decreases, the 
PSD range of milled particles narrows; as mill speed increases (-5000 
rprn), dz decreases. The decrease is of a greater magnitude for larger d,, 
(2 mm) than for a smaller d,, (1 mm). At low speeds (-lo00 rpm), the 
PSD is wider compared to medium and high speeds. 


Keyphrases 0 Particle size-reduction by hammer mill, effect of output 
screen size, feed particle size, and mill speed Pharmaceutics-particle 
size reduction by a hammer mill Hammer mill-particle size reduction, 
pharmaceutics 


The hammer mill is an impact mill commonly used in 
pharmaceutical manufacturing for reducing particle size 
for a variety of drugs (1-3). Milling is an essential unit 
operation in tablet and capsule manufacture, yet very little 


has been reported about factors that affect milling (4, 
5). 


The present report examines the effect of related pa- 
rameters such as output screen size, feed particle size, and 
mill speed on particle size reduction by a hammer mill. 
Commercial grade ammonium sulfate was used as a model 
substance due to its low cost and large particle size distri- 
bution. 


EXPERIMENTAL 


Equipment-A laboratory bench-type hammer mill1, USP standard 
testing sieves2, and a laboratory sieve vibratos were used. The sieve sizes 
used were: 2.0,1.6,1.0,0.8,0.63,0.4,0.315, and 0.1 mm for preparation 
and analysis. 


Particle Size Reduction-Ammonium sulfate was sieved to obtain 
various particle size fractions with average diameters of 1.3,0.9, and 0.72 
mm. Sieve sizes used were 1.6,1.0,0.8, and 0.63 mm. The particles were 
stored a t  room temperature (25 f 3’) and a t  a constant humidity (60 f 
2%, to prevent agglomeration of particles) until required for milling. 


Model C580, micro hammer mill, Glen Creston, Stanmore, England. 
W. S. Tyler Inc., Mentor, OH 44060. 


3 Model 150, Derrick Inc., Buffalo, N.Y. 
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BOOKS 


REVIEWS 


Physical Chemical Properties of Drugs. By SAMUEL H. YAL- 
KOWSKY, ANTHONY A. SINKULA, and SHRI C. VALVANI. 
Dekker, 270 Madison Ave., New York, NY 10016.1980.361 pp. 14 X 
23 cm. Price $45.00 (20% higher outside U S .  and Canada). 
An understanding of the chemical properties of a drug is necessary for 


understanding its activity since covalent bonding a t  the reaction site 
sometimes is (and metabolism always is) an important consideration. 
However, over the past two decades more sophisticated analytical tools, 
e g . ,  NMR and X-ray crystallography, have focused our attention on the 
fact that it is the wide variety of weaker physicochemical forces that 
nature uses to define a drug for a very specific purpose. Therefore, there 
recently has been a concerted effort to measure and report these physical 
constants. 


Actual application of appropriate constants to drug design has been 
limited by two factors: measurement of these constants has not kept pace 
with the need, and application methodology has lagged behind in certain 
areas. This volume does a great deal to remedy both shortcomings. 
Chapters 1,5,8,9, and 10 describe calculation procedures for pKa, par- 
tition coefficient (octanol/water), solubility parameter, molecular con- 
nectivity, and molecular surface areas, respectively. Chapters 2,3,6, and 
7 focus on the more effective use of pKa, hydrophobicity, solubility, and 
thermodynamic considerations in drug improvement. Chapter 4 points 
out important limitations in the Hansch approach to structure-activity 
relationships. 


This book does not in any important way duplicate others presently 
available in this field. It can be highly recommended to anyone with a 
strong commitment in drug design, as well as to students in advanced 
courses in that discipline. This book should be very valuable to anyone 
involved in modeling environmental transport and fate. 


Reviewed by Albert J. Leo 
Pomona College Medicinal 


Chemistry Project 
Seauer Chemistry Laboratory 
Claremont , CA 91 71 1 


Pharmaceutical Dosage Forms: Tablets Vol. 2. Edited by HERBERT 
A. LIEBERMAN and LEON LACHMAN. Dekker, 270 Madison Av- 
enue, New York, NY 10016,1981.520 pp. 18 X 25.5 cm Price $59.75. 
(A special student price of $24.50 for five or more copies through a 
college or university bookstore in the United States or Canada.) 
The second volume of this set lives up to the promise of the first. 


Whereas the first volume emphasizes the distinction between the types 
of tablets with details on the manufacturing of each, this volume discusses 
each unit process completely. As before, each chapter develops without 
a dependency on the nuances of other sections. 


The first four chapters cover mixing, drying, size reduction, and 
compression. Chapter five is really two chapters, one on the character- 
ization of granulations, and the other on the evaluation of finished tablets. 
The final chapter is a review of tablet press tooling. The types of punches, 
terminology, control, and problem solving are all discussed in excellent 
detail. 


Chapter six, “Bioavailability in Tablet Technology,” is over one-third 
of this volume. This does seem excessive. Most relevant background 
biopharmaceutic and pharmacokinetic concepts are reviewed in detail 
from the everted gut technique, pH partition, dissolution, and com- 
partmental modeling, to multiple dosing kinetics. There are excellent 
sections of dissolution evaluation and bioavailability assessment, with 
liberal referencing to the Federal Register. Examples are given of virtually 
everything discussed, and yet there is no discussion of the FDA’s statis- 
tical criteria of bioavailability of bioequivalence or of their criteria for 
the setting of a dissolution specification for generic bioavailability. These 
were needed more than some portions of the existing chapter when con- 
sidering where this chapter is presented. 


Nevertheless, this set, when completed, will probably be the state- 
of-the-art for many years to come. 


Reviewed by John H. Wood 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 
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Abstract N -  and 0-Triorganosilylated compounds related to various 
anticancer agents were synthesized for evaluation as potential anticancer 
prodrugs. 'H-NMR and UV kinetic measurements of hydrolytic desily- 
lation were used to correlate relative rates of structural unmasking with 
steric bulk about the silicon reaction center. The tert-butyldimethylsilyl 
ester of chlorambucil and a number of 0-triorganosilylated carbamate 
derivatives of nor-nitrogen mustard showed significant activity against 
P-388 lymphocytic leukemia in mice. 


Keyphrases Prodrugs-N- and 0-triorganosilylated compounds, 
synthesis, potential anticancer prodrug Anticancer agents-synthesis 
of N -  and 0-triorganosilylated compounds, potential anticancer prodrugs 


Triorganosilylated compounds-synthesis and evaluation of potential 
anticancer prodrugs 


In an earlier investigation of potential anticancer pro- 
drugs (l), it was found that O-aryl-N,N-bis(2-chloroeth- 
y1)phosphorodiamidates are resistant toward chemical 
activation involving P-OAr hydrolysis and failed to provide 
evidence for in vivo formation of phosphoramide mustards, 
which are usually cytotoxic and may exhibit anticancer 
activity (2). The hydrolytic lability (3) of Si-N and Si-0 
bonds suggested that strategically triorganosilylated de- 
rivatives of known oncostatic agents might constitute a 
class of compounds which are, for kinetic reasons, more 
suitable candidates for anticancer prodrugs. The possi- 
bility of controlling drug unmasking rates (desilylation) 
by manipulating the nature of the silicon reaction center 
represents an interesting feature of these hypothetical 
compounds. The expected hydrolysis byproducts, namely 
triorganosilanols and disiloxanes, are generally nontoxic 
(4). Derivatization with a triorganosilyl group increases 
lipophilicity; consequently, triorganosilyl prodrugs might 
eventually prove to be useful against central nervous sys- 
tem cancers, which apparently require somewhat more 
lipophilic chemotherapeutic agents for effective penetra- 
tion of the blood-brain barrier (5). 


In view of the widespread interest in the design of an- 
ticancer prodrugs (6, 7) and the development of orga- 
nosilicon compounds as medicinal agents (S ) ,  the afore- 
mentioned proposal is unique in that it encompasses both 


of these growing research areas. This report is the first of 
a series of exploratory investigations of hydrolytically la- 
bile N -  and 0-triorganosilyl prodrugs having potential 
anticancer activity. These studies include the synthesis of 
several new classes of nitrogen mustards, measurement of 
hydrolytic desilylation rates by a combination of 'H-NMR 
and UV methods, examination of the hydrolysis mecha- 
nisms by Hammett-type kinetic studies and 180-labeling, 
and the comparison of screening results obtained with 
experimental cancers in mice. 


EXPERIMENTAL 


NMR refers to 'H-NMR at  60 MHz, except as noted; chemical shifts 
refer to deuterochloroform and are relative to internal tetramethylsilane, 
unless specified otherwise. 31P-NMR spectra were recorded at  40.25 MHz 
using a 7r/2 pulse (13 fisec) and a 2-sec repetition time. All organosilicon 
starting materials were commercially available and were checked for 
purity by N M R  if necessary, further purification was achieved by either 
conventional distillation or recrystallization. All handling and reactions 
of organosilicon compounds were performed under an atmosphere of dry 
nitrogen; all reagents and solvents were anhydrous. Satisfactory elemental 
analyses were not always possible, due to hydrolytic reactivity. However, 
each product was reliably characterized by NMR as well as IR (9-11) 
and/or mass spectroscopy. In all cases, NMR signal integrations estab- 
lished that product purity was >900/0. Electron-impact mass spectra were 
scanned from samples introduced uia a solids' direct probe inlet. The 
probe, when loaded with a sample and properly positioned with respect 
to the ion source, was heated a t  100"/min from ambient temperature to 
a final temperature of 320'. The ion source temperature was 180°, the 
ionizing potential was 70 eV, and the ionizing current was 50 PA. Ana- 
lytical thin-layer chromatography (TLC) employed 2.5 X 10-cm plates 
coated with a 250-fim layer of silica gel containing a fluorescent indicator; 
component visualization was achieved with iodine vapor and/or a short 
wavelength UV lamp. Column chromatography utilized 60-200 mesh 
silica gel, which was dried by heating at  150" for 24 hr and then cooling 
to room temperature under nitrogen. 


All compounds having a bis(2-ch1oroethyl)amino functionality are 
potentially toxic and/or mutagenic and should be handled with extreme 
care. 


O,O-Dimethyl-N,N-bis(2-chloroethyl)phosphoramidate (111) 
-Lithium methoxide was prepared fresh by slowly adding a benzene 
solution (10 ml) of methanol (6.5 ml) to a mixture of benzene (10 ml) and 
sliced lithium wire (15 cm, 6.11 mmoles/cm) at  25". After an additional 
3 hr of stirring, a solution of I (12) (10.4 g, 40 mmoles) in benzene (40 ml) 
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was added over a 30-min period. 2,3,11,12-Dibenzo-1,4,7,10,13,16-hex- 
aoxacyclooctadeca-2,1l-diene (0.3 g) was added and stirring was con- 
tinued overnight a t  25'. After separation of lithium chloride by suction 
filtration and evaporation of solvent from the filtrate, the yellow residue 
was chromatographed on a column (40 X 4 cm) of dry silica gel using 
chloroform-methanol (24:l) as eluent; Ry = 0.60. Evaporation of solvent 
gave 111 as a pale yellow oil (75%) which was used without further puri- 
fication. N M R  6 3.82 (d, 6H, 2-CH3) and 3.52 (m, SH, 4-CHz) ppm; mass 
spectrum: m/z 249 (M+, 243). 


0,O-Bis(trimethylsi1yl)- N,N- bis(2-chloroethyl)phosphor- 
amidate (1V)-A mixture of I11 (0.26 g, 1 mmole), sodium iodide (0.45 
g, 3 mmoles), and acetonitrile (5 ml) was treated dropwise with a solution 
of trimethylchlorosilane (0.35 g) in acetonitrile (3 ml) over 20 min. After 
3 hr of continued stirring, followed by solvent evaporation, the residue 
was extracted with carbon tetrachloride (5 ml) to give IV (85%), which 
is extremely sensitive to atmospheric moisture and hydrolyzes to give 
hexamethyldisiloxane. NMR: 6 3.43 (m, 8H, 4-CH2) and 0.28 [s, 18H, 
2-Si(CH3)3] ppm. 


O,O-Bis( tert-butyldimethylsilyl) - N, N- bis(2-chloroethy1)- 
phosphoramidate (V)-Reaction of Ill and tert -butyldimethylchlo- 
rosilane in the presence of sodium iodide according to the identical pro- 
cedure described for IV gave product V (56%) as a pale yellow oil. At- 
tempts to  decolorize this material by either preparative TLC or column 
chromatography on dry silica gel led to hydrolysis of the tert -butyldi- 
methylsilyl groups, as evidenced by isolation of the corresponding 
triorganosilanol. NMR: 6 3.42 (m, 8H, 4-CHz), 0.90 [s, 18H, 2-C(CH3)3], 
and 0.23 [s, 12H, 2-Si(CH&] ppm. For V (45 mg, 0.1 mmole) and tris[3- 
(heptafluoropropylhydroxymethylene)-d-camphorato]europium (156 
mg, 0.13 mmole) in deuterochloroform (1 ml), the expected resonance 
doubling of enantiotopic groups (13) was observed and diastereotopic 
methyl groups in V were resolved: 6 2.37 [s, 9H, C(CH3)3], 2.09 [s, 9H, 
C(CH&], 1.97 (s, 3H, SiCHz), 1.87 (s, 3H, SiCH3), 1.52 (s, 3H, SiCHs), 
and 1.35 (s, 3H, SiCH3) ppm. IR (neat): 2950,2900, and 2875 (C--H), 1366 
(C(CH3)3], 1250 (P=O), and 1045 (Si-0) cm-'. 


0,O-Bis(diphenylmethylsily1) -N,N- bis(2-chloroethy1)phos- 
phoramidate (V1)-Compound VI was synthesized (60%) from di- 
phenylmethylchlorosilane and 111 by the same procedure described for 
IV. Purification of the crude product was achieved by rapid elution from 
dry silica gel using carbon tetrachloride eluent to remove 1,3-dimethyl- 
1,1,3,3-tetraphenyldisiloxane (Rf  = 0.5, carbon tetrachloride) and then 
ether to collect VI ( R f  = 0.85, ether) as a colorless oil. NMR: 6 7.44 (m, 
20H, 4-CsH5), 3.15 (m, 8H, 4-CHz), and 0.67 (s, 6H, 2-SiCH3) ppm. For 
VI (0.1 M )  and tris[3-(heptafluoropropylhydroxymethylene)-d-cam- 
phorato]europium (0.13 M )  in deuterochloroform, the expected resonance 
doubling of enantiotopic groups was observed: 6 0.95 (s, 3H, SiCH3) and 
0.82 (s, 3H, SiCH3) ppm. IR (neat): 3090,3060, and 3035 (C,&), 2950 
(C-H), 1270 (P=O), 1050 (Si-O), and 760 and 700 (C&) cm-I. 
0,O-Bis(tert-butyldiphenylsilyl) -N ,N-  bis(2-chloroethyl)-. 


phosphoramidate (VI1)-Reaction of tert -butyldiphenylchlorosilane 
and 111 in a manner identical to that described above for the preparation 
of IV was followed by column chromatography using dry silica gel, eluting 
first with carbon tetrachloride to remove tert-butyldiphenylsilanol ( R f  
= 0.3, carbon tetrachloride), and then with ether to remove VII (go%, R f  
= 0.81, ether). NMR: 6 7.56 (m, 20H, 4-C&). 3.06 (m, 8H, 4-CHz), and 
1.14 [s, 18H, 2-C(CH3)3] ppm. For VII (0.1 M )  and tris[3-(heptafluoro- 
propylhydroxymethylene)-d-camphorato]europium (0.13 M )  in deut- 
erochloroform, the expected resonance doubling of enantiotopic groups 
was observed: 6 1.33 [s, 9H, C(CH3)3] and 0.95 [s, 9H, C(CH&] ppm. IR 
(neat): 3055 (C&,) ,  2950 and 2850 (C-H), 1375 [C(CH&], 1255 (P=o), 
1130 (Si-0), and 740 and 700 (C&) cm-'. 
0 - Methyl -N,N - bis(2 - ch1oroethyl)phosphorodiamidate 


(VII1)-A solution of methanol (1 ml, 24.7 mmoles) in benzene (5 ml) 
was added (20 min) to a stirred suspension of sliced lithium wire (3.6 cm, 
22 mmoles) in benzene (5 ml) a t  25", and after 4 hr it appeared that all 
of the metal had reacted. The resultant suspension of lithium methoxide 
was added dropwise by syringe to a chilled mixture of I (5.2 g, 20 mmoles) 
and 2,3,11,12-dibenzo-1,4,7,10,13,16-hexaoxacyclooctadeca-2,11-diene 
(0.1 g) in benzene (30 ml). After 5 hr of stirring a t  25", lithium chloride 
was removed by suction filtration and the filtrate containing intermediate 
I1 was diluted with benzene (18 ml). Dry ammonia was bubbled through 
the stirred filtrate a t  5O until precipitation of ammonium chloride was 
complete. After separatlon of the precipitate and removal of solvent in 
uacuo, the residue was chromatographed on a dry silica gel column (40 
X 4 cm) using methanol-chloroform (5:95, 250 ml). The concentrated 
eluate was dissolved in benzene (8 ml) and diluted with low-boiling pe- 
troleum ether until turbid. Refrigeration afforded pure VIII (51%). mp 
75-78', NMR: 6 3.84 [d VJ (PH)  = 11 Hz, 3H, CHS], 3.80-3.35 (m, SH, 


4-CH2), and 3.00 (broad, 2H, NHz) ppm. IR (mull): 3403 and 3268 (NHz), 
1362 (OCHB), and 1218 (P=O) cm-'. 


Anal.-Calc. for C5H13NzOzPC12: C, 25.55; H, 5.58; N, 11.92. Found: 
C, 25.49; H, 5.64; N, 11.91. 


0-( tert-Butyldimethylsilyl) - N, N-  bis(2-chloroethyl)phos- 
phorodiamidate (X)-A stirred mixture of VIII (0.94 g, 4 mmoles), so- 
dium iodide (0.9 g, 6 mmoles), 2,3,11,12-dibenzo-1,4,7,10,13,16-hexaox- 
acyclooctadeca-2,ll-diene (0.15 g), and acetonitrile (15 ml) a t  25' was 
treated dropwise (30 min) with a solution of tert-butyldimethylchlo- 
rosilane (1.1 g, 7 mmoles) in acetonitrile (10 ml). After 5 hr, solvent was 
removed in uacuo and the residue was extracted with carbon tetrachloride 
(15 ml). Removal of carbon tetrachloride in U ~ C U O  gave X as a viscous pale 
yellow oil (70%). Attempts to further purify X by flash chromatography 
on dry silica gel led to hydrolysis of the tert -butyldimethylsilyl group, 
as evidenced by isolation of the corresponding silanol. NMR: 6 3.56 (m, 
8H, 4-CH2), 3.40 (d, 2H, NHz), 0.92 [s, 9H, C(CH&], and 0.25 [s, 6H, 
Si(CH&] ppm. IR (neat): 3350 (NHz), 2980 and 2950 (C-H), 1351 
[C(CH&], 1260 (P=O), and 1100 (Si-0) cm-'. 


0-Trimethylsilyl- N,N,bis(2 - chloroethy1)phosphorodiamidate 
(1X)-The synthetic procedure was analogous to that described above 
for X, and yielded IX as a colorless oil (87%). Compound IX is extremely 
sensitive to atmospheric moisture and rapidly hydrolyzes to give hex- 
amethyldisiloxane, which was identified in partially decomposed samples 
of IX by chemical shift comparisons with authentic material. NMR: 6 
3.55 (m, 8H, 4-CHz), 3.39 (d, 2H, NHz), and0.30 [s, 9H, Si(CH3)3] ppm. 
IR (neat): 3324 (NH3,2975,2932, and 2872 (C-H), 1238 (P=O), and 
1121 (Si-0) cm-'. 


0-( tert-Butyldiphenylsilyl) - N,N- bis(2-chloroethyl)phos- 
phorodiamidate (XI)-Reaction of VIII and tert-butyldiphenylchlo- 
rosilane in exactly the same manner as that  described above for the 
synthesis of X afforded crude material, which was chromatographed on 
a column (40 X 2 cm) of dry silica gel using carbon tetrachloride (100 ml) 
to first remove tert-butyldiphenylsilanol (Ry = 0.3, carbon tetrachloride). 
Compound XI (65%) was then eluted with ether (150 ml); Ry = 0.78, ether. 
NMR: 6 7.57 (m, 10H, 2-C&5), 3.49 (m, 8H, 4-CHz), 3.29 (d, 2H, NHz), 
and 1.12 [s, 9H, C(CH&] ppm. IR (neat): 3447 and 3278 (NHz), 3094 and 
3075 (C6H5), 2981 and 2895 (C-H), 1372 [C(CH&], 1230 (P=O), 1111 
(Si-0). and 743 and 698 (CSH5) cm-l. 


Bis(2-chloroethyl)amine (nor-nitrogen mustard)-A stirred 
mixture of bis(2-chloroethyl)amine hydrochloride (35.7 g, 0.2 mole) in 
ice-water (100 ml) and ether (100 ml) was titrated rapidly with aqueous 
sodium hydroxide (1 N ) ,  using phenolphthalein indicator. The ether layer 
was separated and the aqueous layer was extracted quickly three times 
with ether (80 ml). The combined ether layer and washings were dried 
with magnesium sulfate (4 g) a t  5' and then carefully concentrated on 
a rotary evaporator. Rapid Kugelrohr distillation of the residue gave 
(94%) bis(2-chloroethyl)amine' as a colorless oil, bp 46-50' (3 mm). 


ppm. IR (neat): 3348 (NH) cm-'. 
N-Trimethylsilyl- N, N-bis(2-ch1oroethyl)amine (XU-A solution 


of trimethylchlorosilane (30 ml, 125 mmoles) in ether (30 ml) was added 
dropwise (30 min) to a stirred solution of bis(2-chloroethy1)amine (7.1 
g, 50 mmoles) and triethylamine (8.4 ml, 55 rnmoles) in ether (150 ml) 
a t  5". After stirring for 15 hr at  25" and then removal of solvent in uacuo, 
triethylamine hydrochloride was separated by suction filtration. Frac- 
tional distillation of the filtrate gave (90%) XI1 as a colorless oil, bp 45-47' 
(1 mm). Compound XI1 decomposes relatively slowly a t  room tempera- 
ture, but is extremely reactive toward hydrolysis of the trimethylsilyl 
group to give hexamethyldisiloxane. The presence of this disiloxane in 
partially hydrolyzed samples of XI1 is evidenced by chemical shift 
comparisons with authentic material. NMR 6 3.65 (m, 8H, 4-CH.J and 
-0.06 [s, 9H, Si(CH&] ppm. IR (neat): 2980 and 2893 (C-H), 1262 
(SiCHS), and 980 (Si-N) cm-I. 


N-( tert-Butyldimethylsilyl) -N,N- bis(2-chloroethy1)amine 
(XIII)-Bis(2-chloroethyl)amine (7.1 g, 50 mmoles), tert-butyldi- 
methylchlorosilane (9.0 g, 60 mmoles), and triethylamine (9.2 ml) were 
refluxed in ether (150 ml) for 5 hr. After cooling, triethylamine hydro- 
chloride was removed by suction filtration and fractional distillation of 
the filtrate led to isolation (83%) of XI11 as a colorless oil, bp 58-60' (2 
mm), which is best stored a t  low temperatures with complete exclusion 
of moisture. N M R  6 3.95 (t, 4H, 2-CHzC1), 3.29 (t, 4H, 2-NCHz), 1.20 [s, 
9H, C(CHS)B], and 0.03 [s, 6H, Si(CH&] ppm. IR (neat): 2980,2946, and 
2863 (C-H), and 960 (Si-N) cm-'. 


NMR 6 3.44 (t, 4H, 2-CHyCI), 2.77 (t, 4H, 2-NCHz), and 1.82 (s, lH,  NH) 


Bis(Z-chlori)ethyl)amine undergoes rapid intramolecular alkylation in polar 
solvents such as water, but niay be stored in ether a t  low temperatures for short 
periods of time. 
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Table I-Hydrolysis Kinetic Data a 


Compound Initial Concentration, M PH * Method' k'd,  sec-' 71/ze, min 


V 1.8 x 7.4 NMR 3.00 x 10-3 3.8 
X 1.5 x lo-' 7.4 NMR 4.02 x 10-4 28.6 xv 2.3 x 7.4 NMR 6.37 x 10-4 18.1 


2.7 X 6.4 UV (226 nm) 4.00 X 


XVI 2.3 x 7.4 NMR 4.26 x 10-4 27.0 
1.0 x 10-3 7.4 UV (260 nm) 4.23 x 10-4 27.2 


XVII 1.0 x 10-3 7.4 UV (260 nm) 3.37 x 10-4 34.2 
XVIII 2.1 x 10-2 7.4 NMR 8.66 X 13.3 


1.0 x 10-3 7.4 UV (260 nm) 9.00 x 10-4 12.8 
XXVI 3.0 x 10-3 6.4 NMR -g 


3.0 x 10-3 7.4 NMR 1.07 x 10-4 1.08 
3.0 x 10-3 8.4 NMR 1.1 x 10-4 1.14 


2.7 X 7.4 UV (226 nm) 3.03 x 10-4f 
2.7 X 8.4 UV (226 nm) 5.12 x 10-4f 


Compound V was studied in a dioxane-0.05 M lutidine buffer (pH 7.4) mixture (6040), all other NMR studies were similarly carried out using a tromethamine buffer 
component. All UV studies refer to a dioxane-0.10 M trornethamine buffer mixture (5050). In all cases the temperature was 27 f 1'. * The indicated pH value refers 
to the aqueous buffer corn onent prior to mixing with dioxane. See text and Experimental section for details. Pseudo first-order rate constant for desilylation, except 
as noted. r1/2 = In 2/k'. /Refers to carbonate production following desilylation. g Not determined; the reaction was too fast to monitor by the NMR method. 


N-Aryldimethylsilyl- N, N-bis(2-chloroethy1)amines-The pro- 
cedure described above for compound XI1 was applied to a series of ar-  
yldimethylchlorosilanes and afforded (80-90%) the following products, 
which were purified by fractional vacuum distillation and identified by 
NMR (CC14): p-methoxyphenyl (45-46', 2 mm), 6 7.20 (broad s, 4H, 
C&), 3.60 (s, 3H, OCH3), 3.50 (m, 8H, 4-CHz), and 0.13 [s, 6H, Si(CH&]; 
p-tolyl(43-44', 2 mm), 6 7.40 (broads, 4H, CsH4), 3.60 (m, 8H, 4-CH2), 
2.50 (9, 3H, CHs), and 0.13 [s, 6H, Si(CH&]; phenyl (40-42', 2 mm), 6 
7.30 (m, 5H, C&), 3.40 (m, 8H, 4-CHz), and 0.08 [s, 6H, Si(CH&], p- 
fluorophenyl(4143', 2 mm), 6 7.30 (m, 4H, C6H4), 3.50 (m, 8H, 4-CHz), 
and 0.07 [s, 6H, Si(CH&]; and p-chlorophenyl (45-46', 2 mm), 6 7.40 
(rn, 4H, C&), 3.50 (m, 8H, 4-CHz), and 0.06 [m, 6H, Si(CH&] ppm. 


0-Trimethylsilyl- N,N-bis(2-chloroethyI)carbamate (XIV)-A 
cold (-10') solution of XI1 (2 g, 11 mmoles) in ether (10 ml) and pentane 
(35 ml) containing bis(2-ch1oroethyl)arnine (0.16 g) as a required catalyst 
was reacted with anhydrous carbon dioxide gas for 4 hr. The progress of 
the reaction was monitored by IR with diminishing intensity of the Si-N 
absorption at  980 cm-' and concomitant increase of the C=O absorption 
a t  1748 cm-' indicating the extent of product formation. Precipitated 
material was removed by suction filtration, and fractional distillation 
of the filtrate gave (90%) XIV as a colorless oil, bp 56-57' (1 mm). NMR: 
6 3.30 (m, 8H 4-CHz) and 0.03 [s, 9H, Si(CH&] ppm. IR (neat): 2970, 
2933, and 2872 (C-H), 1748 (C=O), 1270 (SiCH3), and 1160 (Si-0) 
cm-'. 
0-( tert-Butyldimethylsily1)- N ,  N-bis(2-chloroethyl)carbamate 


(XV)-Compound XV, bp 82-84' (2 mm), was prepared and isolated 
(65%) in a manner identical to that described above for XIV. Attempted 
distillation of XV at somewhat higher pressure and temperature (-100') 
led to violent decomposition. NMR: d 3.55 (broad s, 8H, 4-CHz), 0.92 [s, 
9H, C(CH&], and 0.22 [s, 6H, Si(CH&] ppm. IR (neat): 2981,2950, and 
2880 (C-H), 1750 (C=O), 1380 [C(CH&], 1258 (SiCHS), and 1161 
(Si-0) cm-1. 
0-( tert-Butyldiphenylsily1)- N,N-bis(2-chloroethy1)carbamate 


(XVI1)-A solution of tert -butyldiphenylchlorosilane (27.5 g, 0.1 mole) 
in ether (30 ml) was added dropwise (30 min) to a cold (5') solution of 
bis(2-ch1oroethyl)amine (12.6 g, 0.11 mole) and triethylamine (16.8 ml) 
in ether (270 ml). After 3 hr of stirring a t  25', the reaction mixture was 
cooled to - 10" and (without filtration) anhydrous carbon dioxide was 
bubbled through it for 4 hr. Precipitated material was separated by 
suction filtration and ether was removed from the filtrate by fractional 
distillation. The residue obtained by further concentration in uucuo (25', 
0.1 mm, 18 hr) was extracted with benzene (25 ml), leaving undissolved 
material that  was removed by suction filtration. Low-boiling petroleum 
ether was added to the filtrate until turbidity was apparent, and the so- 
lution was then stored in a freezer. Compound XVII was isolated either 
as an oil or a low-melting solid, mp 4045'. N M R  6 7.63 (m, 10H, 2-CsH5), 
3.76 (m, 8H, 4-CHz), and 1.22 Is, 9H, C(CH&] ppm. IR (neat): 3106 and 
3071 (CsHs), 2993,2951, and 2891 (C-H), 1715 (CEO), 1391 [C(CH&], 
1255 (SiCH3), 1121 (Si-O), and 744 and 702 (CsHs) cm-'. 


0-Diphenylmethylsilyl - N,N- (2-~hloroethyl)carbamate(XVI) 
-The same procedure described above for the synthesis of XVII gave 
(75%) XVI as a colorless oil, which was isolated upon cooling the ben- 
zene-petroleum ether solution of the crude product. N M R  6 7.42 (m, 
10H, 2-C6H5), 3.40 (t, 4H, 2-CH&l), 2.70 (t, 4H, 2-NCHz), and 0.45 (s, 
3H, SiCH3) ppm. IR (neat): 3092,3075, and 3030 (CGH~) ,  1748 (C=O), 
1254 (SiCHS), 1122 (Si-O), and 732 and 698 (CsH5) cm-I. 


O-Tribenzylsilyl-N,N-bis(2-chloroethyl)carbamate XVIII- 
Compound XVIII was synthesized according to essentially the same 
procedure as that  described above for XVI, except that  the reaction 
mixture was treated with gaseous carbon dioxide for 7 hr a t  -10'. Crys- 
tallization of the crude product from benzene-petroleum ether gave pale 
yellow crystals, rnp 106-108". NMR: 6 6.95 (m, 15H, 3-C&,),  3.51 (m, 
8H, 4-CHz), and 2.00 (s,6H, 3-SiCHz) ppm. IR (mull): 3070 (C&,), 1716 
(C=O), 1155 (Si-O), and 722 and 685 (CsH5) cm-l. 
0-Triethoxysilyl-N,N-bis(2-chloroethy1)carbamate (XIX)-The 


synthetic procedure described above for compound XVII yielded (75%) 
XIX as a colorless oil, which was isolated upon cooling the benzene- 
petroleum ether solution of the crude product. NMR: 6 4.06-3.55 (m, 
14H, 2-NCHzCHzCI and 3-OCH2) and 1.25 (t, 9H, 3-CH3) ppm. IR (neat): 
2995 and 2896 (C-H), 1685 (C=O), and 1162 (Si-0) cm-l. 


0-Aryldimethylsilyl -N,N- bis(2-chloroethyl)carbamates- 
The same procedure described above for compound XIV was applied to 
each member of the series of N-aryl-N,N-bis(2-chloroethyl)amines and 
afforded (50-80%) the following products, which were purified by frac- 
tional vacuum distillation and identified by NMR (CCI,): p-methoxy- 
phenyl (40-41', 0.3 mm), 66.80 (m, 4H, C6H4), 3.80 (s, 3H, OCHR), 3.30 
(m, 8H, 4-CHz), and 0.35 Is, 6H, Si(CH3)?];p-toly1(55-56", 1 mm), 6 7.20 
(broads, 4H, CsH4), 3.20 (m, 8H, 4-CH2), 2.30 (s, 3H, CH& and 0.32 [s, 
6H, Si(CH3)zI; phenyl(53-54', 1 mm), d 7.30 (broad s, 5H, CGH~) ,  3.3 (m, 
8H, 4-CHz), and 0.30 [s, 6H, Si(CH&]; p-fluorophenyl (4243', 0.5 mm), 
6 7.40 (m, 4H, C&), 3.2 (m, 8H, 4-CH2), and 0.29 [s, 6H, Si(CH&]; p -  
chlorophenyl (50-51', 0.5 mm), 6 7.50 (m, 4H, CsH4). 3.30 (m, 8H, 4-CH4, 
and 0.28 Is, 6H, Si(CH&] ppm. 
Bis-carbamoyldisiloxane (XX)-A stirred solution of bis(2-chlo- 


roethy1)amine (13.1 g, 0.12 mole) and triethylamine (17.6 mi) in ether (250 
ml) a t  5' was treated dropwise (1 hr) with a solution of 1,3-dichloro- 
1,1,3,3-tetramethyldisiloxane (10 ml, 0.052 mole) in ether (20 ml). After 
stirring for 2 hr a t  25', triethylamine hydrochloride was removed by 
suction filtration and the filtrate was reacted with gaseous anhydrous 
carbon dioxide for 6 hr a t  -10". Further processing as described above 
for compound XVII led to isolation of XX as a pale yellow oil, which was 
isolated upon cooling the benzene-petroleum ether solution of crude 
product. NMR: 6 3.81 (broad s, 16H, ~ -NCH~CHZCI) ,  0.41 [broad s, 6H, 
2-Si(CH&] and 0.23 [d, 6H, I-Si(CH&] ppm. IR (neat): 2940 and 2885 
(C-H), 1711 (C=O), 1269 (SiCH3), and 1100 (Si-0) cm-1. 
0-( tert-Butyldimethylsilyl) - N- (2-chloroethyl)carbamate 


(XX1)-A mixture of tert-butyldimethylsilanol (0.8 g, 6 mmoles) and 
2-chloroethylisocyanate (3.6 g, 34 mmoles) was heated a t  110' for 3 hr, 
after which time IR analysis indicated the absence of isocyanate starting 
material (2275 cm-') and the presence of product (1710 cm-I). Volatiles 
were removed in uucuo (0.1 mm) a t  25" and pentane (10 ml) soluble 
material was then extracted from the residue. Removal of pentane yielded 
(25%) crude XXI, mp 54-55', which contained 20% isocyanate starting 
material and was used without further purification; compound XXI 
undergoes extensive fragmentation giving silanol and isocyanate when 
stored a t  5' for 2-3 weeks. NMR: 6 5.16 (broads, lH,  NH), 3.75-3.40 (m, 
4H, NCHzCHzCI), 1.03 [s, 9H, C(CH~):I], and 0.20 [s, 6H, Si(CH&]; in- 
tegrations corrected for 20% CICH~CHZNCO, 6 3.85 (s) ppm, mass 
spectrum: no M+; base peak m/z 180 (M+, -57), loss of C(CH&. 
0-( tert-Butyldimethylsilyl) -N- { p - [  N',N'-bis(2-chloroethyl)- 


amino]]phenylcarbamate (XXI1)-A mixture of p-isocyanatophenyl 
mustard (1.09 g, 4.2 mmoles), tert -butyldimethylsilanol (0.39 g, 3 
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Table 11-Screening Data for In Vivo Anticancer Activity against L-1210 Lymphoid Leukemia and  P-388 Lymphocytic Leukemia in  
Mice 


Dosellnj., Total Treatment 
ComDound Vehicle" m d k e  Ini. Scheduleb ScreenC max TIC, % d  


V 
X 


XI11 


XIV 


xv 
XVII 


XVIII 


XX 


XXII 


XXIII 
XXVII 


A 
A 
B 
B 
B 
B 
B 
C 
D 
D 
C 
C 
A 
A 
A 
B 
C 


750 
250 


18.75 
9.37 


100 
100 
400 
200 


50 
100 
25 
50 
10 
10 
20 


200 
200 


1 
1 
3 
3 
1 
1 
1 
1 
3 
2 
9 
9 
3 
3 
3 
1 
5 


1 x 1  
1 x 1  
4 x 3  
4 x 3  
1 x 1  
1 x 1  
1 x 1  
1 x 1  
4 x 3  
4 x 2  
1 x 9  
1 x 9  
4 x 3  
4 x 3  
4 x 3  
1 x 1  
1 x 5  


L 1210 
L 1210 
P 388 
P 388 
P 388 
P 388 
P 388 
P 388 
P 388 
P 388 
P 388 
P 388 
P 388 
P 388 
P 388 
P 388 
L 1210 


132 
138 
171 
145 
166 
137 
174 
148 
214 
180 
165 
208 
203 
158 
182 
159 
131 


a A = mixture of distilled water and polyoxyethylene sorbitan monooleate; B = hydroxypropylcellulose; C = mixture of saline and polyoxyethylene sorhitan monooleate; 
D = saline. Samples for injection were prepared immediately prior to use. * For example, 4 X 3 indicates a 4-day interval between treatments repeated three times; all 
injections were given ip. For L-1210, the inoculum was lo5 cells; for P-388, the inoculum was lo6 cells. Maximum T/C evaluation parameter which was obtained, where 
T/C 70 = (treated survivors/control survivors) X 100. A value of 3125% indicates activity. In all cases, the max T/C %was obtained without drug-associated mortality. 


mmoles), and toluene (15 ml) was refluxed until the isocyanate IR ab- 
sorption (2268 cm-') was no longer detected (24 hr). Concentration in 
LWCUO (0.1 mm) a t  25" gave a pale yellow oil, which was extracted three 
times with low-boiling petroleum ether (45 ml). The combined petroleum 
ether extracts were concentrated to half-volume and then kept a t  -10" 
for 15 hr to afford (60%) product XXII, mp 58-60'. NMR (220 MHz): 
6 7.40-6.50 (AA'BB' q, 4H, C6H4), 3.64 (m, 8H, 4-CH,), 0.85 [s, 9H, 
C(CH&]. and 0.21 [s, 6H, Si(CH&] ppm. IR (neat melt): 3348 (NH), 3085 
(CGHS), 2982 and 2880 (C-H), 1715 (C=O), 1260 (SiCHx), 1120 (Si-O), 
and 837 (CsH4-p) cm-l. 


C,52.13;H,7.12;N,7.28. 
Anal.-Calc. for C17H28N202SiC12: C, 52.17; H, 7.16; N, 7.16. Found: 


0-( tert-Butyldimethylsilyl)chlorambucil (XXII1)-A solution 
of chlorambucil' (0.92 g, 3 mmoles) in benzene (10 ml) was added drop- 
wise (20 min) to a stirred suspension of sodium hydride (96 mg, 4 mmoles) 
in benzene (3 ml) a t  25". After continued stirring for 3 hr, a solution of 
tert-butyldimethylchlorosilane (0.76 g, 5 mmoles) in benzene (5 ml) was 
slowly added (20 min), and the mixture was refluxed for 3 hr. The reaction 
mixture was cooled to 25" and solid materials were removed by suction 
filtration. The filtrate was concentrated and further removal of volatile 
in L ~ C U O  (0.1 mm) a t  25' yielded (77%) XXIII as a viscous pale yellow 
syrup. NMR (carbon tetrachloride): 6 6.65 (AA'BB' q, 4H, C,jH4), 3.56 
(broad s, 8H, 2-NCHzCHzCI), 2.75-1.65 (m, 6H, C H Z C H ~ C H ~ ) ,  0.86 [s, 
9H, C(CH:1)3], and 0.15 [s, 6H, Si(CH:j)2] ppm. IR (neat): 3030 (C,jH4), 
2975 and 2875 (C-H), 1722 (C=O), 1371 [C(CH;r):%], 1200 (SiCHa), 1155 
(Si-O), and 832 (C6H4-p) cm-'. 
0-( tert-Butyldipheny1silyl)chlorarnbucil (XX1V)-Chlorambucil 


(0.92 g, 3 mmoles), sodium hydride (96 mg, 4 mmoles), and tert-butyl- 
diphenylchlorosilane (0.83 g, 3 mmoles) were used to prepare XXIV in 
a manner identical to that described above for XXIII. The product was 
isolated (77%) as a viscous oil, which showed no evidence (NMR) of sig- 
nificant contamination by either the starting chlorosilane or its corre- 
sponding silanol. NMR 6 7.90-7.15 (m, 10H, Z-CsHs), 7.15-6.35 (AA'BB' 
q, 4H, C C H ~ ) ,  3.55 (broad s, 8H, ~ - N C H Z C H ~ C I ) ,  2.75-1.40 (m, 6H. 
C H ~ C H ~ C H Z ) ,  and 1.13 [s, YH, C(CH:&l] ppm. 


N-(  tert-Butyldimethy1silyl)cyclophosphamide (XXV)-A solu- 
tion of tert-butyldimethylchlorosilane (0.75 g, 5 mmoles) in ether (10 ml) 
was added slowly (30 min) to a stirred solution of anhydrous cyclophos- 
phamide3 (0.79 g, 3 mmoles) and triethylamine (0.5 ml) in ether (20 ml) 
at 5". After continuous stirring for 24 hr a t  25', the reaction mixture was 
cooled to -78" and solid materials were collected a t  that temperature 
by suct,ion filtration under a nitrogen atmosphere. The solids were im- 
mediately extracted with tetrahydrofuran, and this solvent was then 
removed on a rotary evaporator. The residue was chromatographed on 
a column (40 X 4 cm) of dry silica gel, using chloroform as the eluent, and 
the concentrated eluate gave XXV as low-melting crystals, nip 45-47'. 
NMR (220 MHz): 6 4.46-4.15 (m, ZH, OCHZ) 3.70 (t, 4H, 2-CH.jC1), 


~~ ~~ ~ ~~~ ~~ 


2 Chlorambucil (NSC-3088) was obtained from the Drug Synthesis and Chem- 
istry Branch of the National Cancer Institute. 


Cyclophosptiamide monohydrate (NSC 26271) was obtained from the Drug 
Synthesis and Chemistry Branch of the National Cancer Institute. Water of hy- 
dration was removed in LVXUO over phosphorus pentoxide (0.1 mm, 25", 348 hr). 


3.45-3.20 (m, 6H, 3-NCH2), 2.20-1.64 (m, 2H, CH2CH2CH?), 1.09 [s, 9H, 
C(CH&], 0.37 (s, 3H, SiCH3), and 0.22 (s, 3H, SiCH3). The observation 
of resonance doubling for the Si(CH& moiety is due to the chirality at  
phosphorus in XXV (diastereotopic CH3 groups), and unambiguously 
establishes that the tert-butyldimethylsilyl group is bonded to the cy- 
clophosphamide ring system. 31P-NMR (deuterochloroform, 25% H$04 
external reference): 6 13.82 versus 10.78 for cyclophosphamide ppm, mass 
spectrum: no M+; m h  317 (M+, -57), loss of C(CHs)3, 2-CI isotope 
cluster. 


0,O-Bis( tert- butyldimethylsily1)fluorouracil (XXV1)-A stirred 
mixture of fluorouracil (1.30 g, 10 mmoles) and tert-butyldimethylch- 
lorosilane (3.3 g, 22 mmoles) in benzene (20 ml) was brought to reflux, 
and a solution of triethylamine (3.4 ml, 22 mmoles) in benzene (8 ml) was 
then added dropwise over a 1-hr period. The mixture was refluxed for 
an additional 15 hr, and then cooled to 25" for separation of triethylamine 
hydrochloride and unreacted fluorouracil by suction filtration. Volatile 
materials were removed first on a rotary evaporator and then under high 
vacuum (0.1 mm) a t  25" for 24 hr. The residual material was dissolved 
in ether (15 ml) decolorized with dry activated charcoal, and then re- 
concentrated to afford XXVI (67%) as a colorless oil, which crystallized 
upon standing a t  -lo", mp -30'. Contamination of XXVI by fluorouracil 
was excluded by NMR and IR analyses, which showed no detectable 
absorptions due to the amido functionalities. Compound XXVI is ex- 
tremely reactive toward moisture. NMR: 6 7.88 (d, lH,  vinylic H),  0.99 
[two overlapping s, 18H, 2-C(CH&], 0.33 [s, 6H, Si(CH3)2], and 0.21 [s, 
6H, Si(CHh1 ppm. 


tert-Butyldimethylsilylftorafur (XXVI1)-A stirred mixture of 
ftorafur (2 g, 9.8 mmoles) and tert-butyldimethylchlorosilane (3 g, 20 
mmoles) in benzene (35 ml) was brought to reflux, and a solution of tri- 
ethylamine (2 ml) in benzene (10 ml) was then added dropwise over a 
period of 1 hr. The mixture was further reacted and processed as de- 
scribed above for XXVI to afford (56%) product XXVII, mp 149-150°, 
which was recrystallized from carbon tetrachloride. NMR: 6 7.5% (d, VJFH 
= 6 Hz, l H ,  vinyl), 6.10 (m, l H ,  methine), 4.50-3.80 (m, 2H, CHYO), 
2.70-1.85 (m, 4H, CH2CH20), 0.95 [s, 9H, SiC(CH:1)3], and 0.15 [s, 6H, 


0-Trimethylsilylbenzohydroxamic Acid (XXVIII)4-A solution 
of benzohydroxamic acid (1.37 g, 10 mmoles), trimethylchlorosilane (1.27 
ml, 10 mmoles), and triethylamine (1.5 ml, 10 mmoles) in tetrahydrofuran 
(15 ml) was stirred for 3 days at 25", and triethylamine hydrochloride 
was then removed from the reaction mixture by suction filtration. After 
initial concentration of the filtrate on a rotary evaporator, the residue 
was kept under high vacuum (0.1 mm) for 2 days a t  25'. The crude 
crystalline product (-loo%), mp 96-99', was used wit.hout further pu- 
rification (25% starting material) due to its hydrolytic reactivity. For 
XXVIII, NMR: 6 8.00 (broad s, 1H. NH), 7.80-7.42 (m. 2H, orthn H), 
7.40-7.18 (m, 3H, meta and para H). and 0.15 [s, 9H, Si(CH:j):3]. 


0-( tert-Butyldimethy1silyl)benzohydroxamic Acid (XX1X)-The 
synthetic procedure described above for compound XXVlII was applied 


Si(CH3)zI ppm. 


~~ ~ ~~~ 


For the preparation of N,O-bis(trimethy1silyl)benzohydroxamic acid and its 
para-substituted derivatives, see Ref. 14. 
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to the reaction of benzohydroxamic acid (1.37 g, 10 mmoles) with equi- 
molar amounts of tert -butyldimethylchlorosilane and triethylamine. The 
resultant product (-loo%), mp 127-129', was found by NMR analysis 
to be free of detectable contamination by i t s  bistriorganosilylated analog. 
NMR: 6 8.23 (broads, IH,  NH), 8.00-7.67 (m, 2H, ortho H), 7.67-7.27 
(m, 3H, meta and para H), 1.00 [s, 9H, C(CH3)3], and 0.25 [s, 6H, 
Si(CH3)zI. 


Anal.-Calc. for C13HzINO2Si: C, 62.11; H, 8.42; N, 5.57. Found: C, 
62.12; H, 8.37; N, 5.81. 


N,O-Bis( tert-butyldimethylsily1)hydroxyurea (XXX)-A solu- 
tion of tert-butyldimethylchlorosilane (3.8 g, 25 mmoles) in ether (15 ml) 
was added dropwise (50 min) to a stirred solution of hydroxyurea (1.52 
g, 20 mmoles) and triethylamine (3.06 ml, 20 mmoles) in ether (25 ml) 
at 5O, and the mixture was stirred a t  25' for 18 hr. Triethylamine hy- 
drochloride was removed by suction filtration, and the filtrate was con- 
centrated on a rotary evaporator. The residue was extracted with ether 
(25 ml) and XXX was then obtained (25%) as a microcrystalline solid (mp 
92.5-110') by removal of solvent i n  uacuo (18 hr, 0.1 mm, 20'). NMR: 
6 5.80 (broad s, l H ,  NHO), 5.30 (broad s, l H ,  NH), 0.93 Is, 18H, 2- 
C(CH&], 0.25 [s, 6H, OSi(CH&], and 0.17 [s, 6H, NSi(CH&]. Mass 
spectrum: m / z  304 (M+), <I%; 247 (M+, -57), 36%, loss of C(CH3)3. 


Prodrug Hydrolysis Kinetics by NMR-The compound (15-23 


0.8 - 


0.6 - 


. i; - 0" 
C 0.4 - - 


0.2 - 


0.0 v I 1 I I 
0 8 16 24 32 


MINUTES 


Figure 1-Pseudo first-order kinetic plot for hydrolysis of X (1.5 X 10-2 
M) in dioxane-0.05 M tromethamine buffer (pH 7.4) mixture (60:40) 
at 27". Substrate concentration terms Co and Ct were determined by 
N M R  (see text for details). 


mmoles) to be studied was placed in an NMR tube and then dissolved 
in dioxane (0.60 ml). Either tromethamine or lutidine buffer (0.40 ml, 
0.05 M ,  pH 7.4) was added, and after rapid mixing the spectral region 
from 6 0.7-0 was repeatedly recorded as a function of time using a 
fixed-sweep rate. Total peak height for starting material and the trior- 
ganosilanol hydrolysis product remained constant and was equated with 
the initial concentration of starting material, Co. The decreasing peak 
height for starting material was equated with the concentration of starting 
material at time t ,  Ct . Linear least-squares fits of In(C&) uersus t gave 
the pseudo first-order rate constants ( k ' )  and half-life (7112)  values listed 
in Table I. The NMR probe temperature (27 f 1') was measured using 
the chemical shift difference between methyl and hydroxyl protons in 
methanol (15). 


Prodrug Hydrolysis Kinetics by UV-Stock solutions of each 
compound were prepared in dioxane at  concentrations of 6.0 X 10-"5.4 
X M .  An aliquot (1.5 ml) was rapidly mixed with an equal volume 
of tromethamine buffer (0.1 M ,  pH 7.4-8.4), and the reaction mixture 
was monitored continuously as a function of time t ,  using a fixed wave- 
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Figure 2-Variation in the dimethylsilyl N M R  (60 M H z )  spectral re- 
gion for V (1.8 X M) as a function of time (min) i n  dioxane-0.05 
M lutidine buffer (pH 7.3) mixture (60:40) at 27'. Chemical shifts are 
relatiue to V (0 6);  the absorption signol at -0.08 6 is assigned to  the 
monoester derived from partial hydrolvsis of V ,  while the tert-butyl- 
dimethylsilanol signal is a t  -0.30 6 .  
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Scheme I 1  


length (Table I) and a reference sample containing the dioxane-buffer 
mixture (5050). The initial absorbance was equated with A0 and the final 
absorbance after 4 hr was equated with A,. Linear least-squares fits of 
In [ ( A ,  - Ao)/(A, - A ) ]  versus t gave the pseudo first-order rate con- 
stants ( k ' )  and half-life (7112) values listed in Table I. The temperature 
(27 f 1") of the UV samples after equilibration in the spectrophotometer 
was measured with a small thermometer. 


NMR Kinetic Measurements with Aryldimethylsilyl Com- 
pounds-Each of the five N-aryldimethylsilyl-N,N-bis(2-chloroethyl)- 
amines (2.5 X 10-2 mmoles) was dissolved in deuterochloroform (0.5 ml) 
and was then reacted with a large excess of absolute ethanol (0.5 ml) using 
NMR to monitor the reaction rate a t  a spectrometer probe temperature 
of 27 f lo. The relative concentrations of each starting material and its 
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Figure 3-Variation in  the dimethylsilyl N M R  (60 MHz) spectral re- 
gion for X V  (2.3 X M) as a function of time (rnin) in dioxane-0.05 
M tromethamine (pH 7.4) mixture (60t40) at 27". The  chemical shift 
of tert-butyldimethylsilanol (-0.30 6 )  is relative to  X V  (0 6). 


corresponding ethoxysilane product were determined from dimethylsilyl 
absorption intensities a t  6 - 0.15 and -0.08, respectively, using scale- 
expansion, low RF-power, and a fast sweep rate. Linear least-squares f i t s  
of ln(Co/Ct) versus t had an average slope-error o f f  -570, and gave the 
following pseudo first-order rate constants: p-OCH3,1.14 X sec-' 
(7112 10.1 min); p-CH3,1.43 X 10-1 sec-l(71/2 8.1 min); p-H, 2.73 X 
sec-' (71/2  4.2 min);p-F, 6.86 X sec-' ( ~ 1 / 2  1.7 min); andp-C1, 1.04 
X sec-l (7112 1.1 min). The previously described NMR method for 


MINUTES 


Figure 4-Pseudo first-order kinetic plot for hydrolysis of X V  (2.3 X 
lov2 M) i n  dioxane-0.05 M tromethamine buffer (pH 7.4) mixture 
(60:40) at 27". Substrate concentration terms C O  and Cr were deter- 
mined by N M R  (see text and Fig. 3) .  
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measurement of prodrug hydrolysis kinetics was applied to solutions 
containing each ofthe five O-aryldimethylsilyl-N,N-bis(2-chloroethyl)- 
carbamates (2.5 X 10-2 mmoles) in a mixture of dioxane (0.5 ml) and 
tromethamine buffer (0.5 ml, 0.05 M, pH 7.4). For these reactions a t  27 
f lo, linear least-squares fits (& -5% average slope-error) gave the fol- 
lowing pseudo first-order rate constants: p-OCH3,1.65 X sec-' (7112 
70.0 min); p-CH3,1.69 X sec-' 
(sl/z 29.8 min); p-F, 1.17 X loe3 sec-' (7112 9.9 rnin); and p-C1,1.58 X 
sec-1 (71/2 7.3 rnin). 


lS0-Labeling Studies-A freshly prepared sample of silanol-free XXI 
(10 mg) was dissolved in a magnetically stirred mixture of dioxane (0.4 
ml), tromethamine buffer (0.2 ml of 0.2 M ,  pH 7.41, and ls0-enriched 
water (0.2 ml, >95 g-atom '70 l*O). After 3 hr a t  room temperature, the 
reaction mixture was extracted with fractionally distilled pentane (3 X 
1 ml), and the extract was then analyzed by mass spectroscopy to  deter- 
mine the relative proportion of l60- and lsO-containing tert-butyldi- 
methylsilanol. The (M+, -57) ions observed a t  m/z 75 and 77 arise from 
loss of tert-butyl and had a normalized intensity of 99.87 and 100.00%, 
respectively. When unlabeled silanol(5 mg) was extracted from a simu- 
lated reaction mixture containing normal water, the ion intensities at  m/z 
75 and 77 were 100.00 and 4.78'70, respectively, whereas use of 50:50 v/v 
mixture of water and ls0-labeled water (18 hr of contact time) led to 
extraction of silanol having ion intensities at m/z 75 and 77 equal to 100.00 
and 14.94%, respectively. 


Anticancer Screening-Selected compounds (Table 11) were eval- 
uated against L-1210 lymphoid leukemia and P-388 lymphocytic leu- 
kemia in either male or female mice. Pertinent details and the results of 
these tests are given in Table 11. 


sec-' (71/2 68.3 rnin); p-H, 3.87 X 


RESULTS AND DISCUSSION 


Syntheses-The methodology for constructing 0-triorganosilyl de- 
rivatives of phosphoramide mustard was developed by first pursuing the 
synthesis of diester model compounds IV-VII (Scheme I). These mate- 
rials were prepared by reaction of common precursor I11 with the corre- 
sponding triorganochlorosilane and sodium iodide in acetonitrile solvent 
(16). The same demethylation-silylation procedure was used to convert 
common precursor VIII into target compounds IX-XI. Proton NMR 
spectra of these products showed two-proton amido resonance signals 
and were devoid of detectable methoxy signals, indicating that N-sily- 
lation of the amide functionality (17, 18) is not a significant side reac- 
tion. 


0-Triorganosilyl carbamate derivatives of nor-nitrogen mustard 
(XIV-XIX, Scheme 11) were obtained by Breederveld's (19) reaction 
sequence, namely, N-silylation followed by insertion of carbon dioxide 
into the Si-N bond, which requires excess amine as a catalyst and pre- 
sumably (19) involves triorganosilyl group-transfer from an N-triorga- 
nosilyl-N,N- bis(2-chloroethy1)amine to the carbamic acid derivative or 
nor-nitrogen mustard. 


The N-triorganosilyl-N,N-bis(2-chloroethyl)amines can be isolated 
(e.g., XI1 and XIII); however, they readily decompose and were usually 
converted in situ to the final carbamate product. Biscarbamoyldisiloxane 
XX was similarly prepared from 1,3-dichloro-1,1,3,3-tetramethyldisi- 
loxane, while tert-butyldimethylsilyl carbamate XXI was obtained by 


direct addition of tert-butyldimethylsilanol to 2-chloroethyl isocyanate. 
The silanol-isocyanate addition reaction has not been reported previ- 
ously, and has been shown5 to be generally applicable to variously 
structured triorganosilanols and alkyl/aryl isocyanates. Accordingly, it 
was possible to convert p-isocyanatophenylmustard into carbamate 
derivative XXII by reaction with the appropriate silanol. 


Tert-butyldimethylsilyl (XXIII) and tert -butyldiphenylsilyl (XXIV) 
esters of the anticancer drug chlorambucil(20) were prepared by direct 
0-silylation using the sodium salt of this carboxylic acid. The anticancer 
agents cyclophosphamide (211, fluorouracil (22), ftorafur (23), ben- 
zohydroxamic acid (24), and hydroxyurea (25) were also silylated by 
conventional methods and gave derivatives XXV-XXX, respectively. 
By analogy to structurally related systems (14,17,  26, 27), the triorga- 
nosily1 groups in compounds XXV-XXX may undergo either positional 
exchange (between oxygen and nitrogen bonding sites) or rotational 
isomerization; however, these dynamic processes are not a central issue 
in the present study. On the other hand, i t  is worthwhile to note that 
1H-NMR spectra for XXV-XXX were consistent with the presence of 
a single (major) isomer. The connectivities used to represent compounds 
XXV-XXX are the best guess structures as opposed to definite assign- 
ments of bonding. 


Hydrolysis Kinetics-Hydrolytic unmasking of the candidate 
triorganosilyl prodrugs was first examined by 'H-NMR monitoring of 
the dimethylsilyl spectral region for the phosphoramide mustard deriv- 
ative X, using an organic solvent (dioxane)-aqueous buffer mixture to 
achieve sufficient substrate solubility for these continuous-wave mea- 
surements. Gradually decreasing intensity for the dimethylsilyl ab- 
sorption of X was accompanied by increasing signal intensity for the di- 
methylsilyl moiety in the hydrolysis byproduct, tert -butyldimethylsilanol 
(6 -0.30, relative to X). The sum of these two resonance signals, which 
remained constant, provides a relative measure of the initial concentra- 
tion of X, Co, while the diminishing signal intensity for X is a relative 
measure of substrate concentration a t  time t ,  C t .  For hydrolysis of X a t  
pH 7.46, 27', a least-squares fit of In(C&,) uersus t (Fig. 1) indicated 
a good linear correlation and gave the pseudo first-order rate constant 
(k') and half-life (71/2) listed in Table I. 


Spectra (Fig. 2) obtained with diester V under analogous reaction 
conditions showed the conversion of starting material into tert -butyl- 
dimethylsilanol (6 -0.30, relative to V) and a monoester intermediate 
(6 -0.08, relative to V), which undergoes comparatively slow hydrolysis 
to afford the fully unmasked phosphoramidic m ~ s t a r d . ~  Kinetic analysis 
based on the decreasing signal intensity of V afforded the monodesily- 
lation rate data given in Table I. Multiplication of the 3.8-min half-life 
for V by a correction factor of 2 gives a value which is -four times less 
than the 28.6-min half-life for X. This relatively small difference in 
half-lives is presumably due to leaving group effects, since the steric bulk 
about the back-side tetrahedral face of silicon is virtually the same in each 
compound. Pro(phosph0ramide mustards) IX and XI were similarly 
examined by NMR in an attempt to determine the influence of the 
triorganosilyl group on hydrolytic stability; however, compound 1X was 
too reactive to study by this method, and the tert-butyl signals from XI 
and its silanol byproduct were extensively overlapped a t  60 MHz. 


Alkaline hydrolysis of 0-triorganosilyl carbamic acid mustards can 
occur by initial attack of hydroxide ion a t  either the carbonyl carbon, as 
in 0-alkyl carbamates (28), or a t  silicon to give the conjugate base of 
carbamic acid mustards (Scheme III), which would then undergo rela- 
tively rapid decarboxylation to release nor-nitrogen mustard. While both 
reaction pathways lead to formation of the same bis-alkylating agent, the 
silicon-attack route would appear to allow for greater control over the 
rate of nor-nitrogen mustard release. Differentiation between the two 
mechanistic possibilities was first approached by studying structure- 
reactivity relationships. Extension of the NMR kinetic method to hy- 
drolysis of 0-trimethylsilyl carbamate XIV was precluded by this com- 
pound's exceedingly short lifetime in aqueous media; however, production 
of triorganosilanol from compounds XV, XVI, and XVIII could be con- 
veniently monitored from changes in the methylsilyl or silyl-bearing 


5 K. C. Fichter and G. Zon, unpublished results. 
6 This and related pH values refer to the aqueous buffer component used to 


prepare the mixed solvent system. The true pH of such mixtures is poorly defined. 
Since the purpose of the present kinetic measurements was to evaluate relatiue 
substrate reactivities, and roughly gauge the stabilities of these potential prodrugs 
for possible correlation with in uiuo biological activity, no attempt was made to 
devise either a more refined pH measurement or a more realistic in uitro kinetic 
system. 


7 Lutidine buffer causes a solvent-induced chemical shift separation between 
the dimethylsilyl signals for V and the monoester intermediate. The signals were 
accidentally isochronous in the dioxane-tromethamine buffer mixture used for 
studying X. 
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Figure 5-Pseudo first-order kinetic plots for hydrolysis of X V  (2.7 X 
M) in 50:50 dioxane-0.10 M tromethamine buffer (pH 8.4, .;pH 


7.4, A;pH6.4, 0) a t  27'. The UVabsorbance (A) ualues were measured 
a t  226 nm (see text for details). 


methylene spectral region, as seen from representative spectra obtained 
with XV (Fig. 3). For each of these compounds, the signal for the trior- 
ganosilanol byproduct appeared a t  higher field (lower 61, relative to 
starting material, due to removal of the carbonyl group deshielding effect. 
In all cases, the formation of triorganosilanol obeyed a first-order rate 
law (e.g., Fig. 4); however, the substrate half-life values (Table I) revealed 
only a twofold reactivity range for this series of SiR3 groups: XVIII, 13.3 
min; XV, 18.1 min; and XVI, 27.0 min. 


Previous studies of the alkaline hydrolysis of carbamates have em- 
ployed UV spectroscopy to measure reaction kinetics (28). When this 
method was applied to compound XV in mixtures of dioxane and tro- 
methamine buffer a t  pH 6.4,7.4, and 8.4 (27'), the absorbance (A)  a t  226 
nm afforded linear plots of In[(A, - Ao) / (Am - A)] uersus t (Fig. 5 ) ,  and 
the calculated rate constants (Table I) increased with elevated concen- 
trations of hydroxide ion. The UV-derived rate constant for hydrolysis 
of XV a t  pH 7.4 (3.03 X sec-I) is about one-half the magnitude of 
the rate constant (6.37 X sec-l) for production of tert-butyldi- 
methylsilanol from XV measured by NMR under the same reaction 
conditions. This difference can be accommodated by assuming the ex- 
istence of carbamic acid mustard, since the absorbance a t  226 nm is most 
likely due to carbonate ion which is formed by decarboxylation of this 
metastable intermediate (28). 


Compounds XVI-XVIII have phenyl substituents that  obscure the 
226 nm UV region. Kinetic data (Table I) for hydrolysis of these silylated 
carbamates a t  pH 7.4 were thus obtained from absorbance changes 
measured a t  260 nm, and correspond to the rate of triorganosilanol pro- 
duction rather than carbonate formation. This interpretation is supported 
by the fact that  the UV- and NMR-derived half-lives for two of these 
compounds are essentially equivalent: XVI, 27.2 and 27.0 min, respec- 
tively; XVIII, 12.8 and 13.3 min, respectively. 


I t  is enlightening to compare the relative rates of desilylation in the 
homologous series of carbamates represented by XV-XVIII. The order 
of increasing substrate stability (71~2) a t  pH 7.4 is XVIII (13.0 mi$) <XV 
(18.1 min) <XVI (27.1 min8) <XVII (34.2 min), which parallels the ap- 
proximate order of increasing steric bulk of the triorganosilyl group in 
each compound. This correlation of relative reactivity with substrate 
structure is consistent with a hydrolysis mechanism involving hydroxide 
ion attack a t  silicon (Scheme 111); however, the ratios of rate constants 
cover a surprisingly small range of values: XV/XVIlI = 0.72, XVI/xVIII 
= 0.48, and XVII/XVIII = 0.38. In view of the fact that  steric hindrance 
to sN2 attack a t  silicon can lead to a more pronounced deceleration of 
solvolysis ratesg, and that the rate of hydroxide attack a t  the carbonyl 


8 Average value obtained from NMR and UV measurements. 
For example, triethylsilylacetate hydrolizes 38-times slower than 1 rimethylsilyl 


acetate (29). 
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carbon in carbamates is also subject to steric retardation (281, the 0-silyl 
carbamate hydrolysis mechanism was further probed by a Hammett-type 
kinetic study. Proton NMR measurements using a series of para-sub- 
stituted 0-aryldimethylsilyl carbamate derivatives of nor-nitrogen 
mustard afforded desilylation rate constants which correlated linearly 
with the u" substituent constant (Fig. 6) and indicated that the reaction 
constant, p, for dioxane-tromethamine buffer (pH 7.4) was equal to 2.39. 
The sign and magnitude of this p value indicate mechanistic similarity 
to the alkaline solvolysis of para-substituted aryldimethylsilanes ( p  = 
1.94 for uo), which is known to occur by nucleophilic attack of hydroxide 
ion a t  silicon (30). Another line of evidence in support of S N ~  attack at  
silicon in the 0-silyl carbamates derives from the approximately equal 
p value of 2.18 measured for ethanolysis of the corresponding series of 
N-aryldimethylsilylamines (Fig. 7), wherein silicon must be the reaction 
center. 


The preceding mechanistic rationale can be justifiably countered by 
arguing that a p value of -2 does not exclude the possibility of attack a t  
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Figure 6-NMR-derived Hammett plot (r = 0.996) for the hydrolysis 
of para-substituted O-aryldimethylsilyl-N,N-bis(2-chloroethyl)car- 
bamates in 50:50 dionane-0.05 M tromethamine buffer (pH 7.4) at 27O; 
for details and the values of k', see Experimental section. The values 
used for uo are as follows: p-OCH3, -0.16 (30, 31); p-CH3, -0.15 (30); 
p-H, 0.01; p-F, 0.17 (31); P-Cl, 0.27. 


the carbamate carbonyl position, since electron-withdrawing aryl sub- 
stituents would be expected to facilitate the formation of a negatively 
charged tetrahedral intermediate. The carbonyl-attack mechanism for 
hydrolysis of 0-triorganosilyl carbamates was therefore ruled out by 
determining that reaction of model compound XXI in dioxane-tro- 
methamine buffer (pH 7.4) containing a 5050 mixture of water and 
l8O-enriched water leads to formation of a 5050 mixture of l60- and 
180-containing silanols. Hydroxide ion attack a t  the carbonyl carbon in 
XXI cannot lead to complete incorporation of oxygen 18, as was observed, 
since the results of a control reaction (see Experimental) demonstrated 
that oxygen exchange in tert -butyldimethylsilanol is relatively slow 
(<lo%) under the conditions used for hydrolysis, and a presolvolytic 
mechanism10 gives an oxygen 18 content which cannot exceed -17%. 
Granted that S N ~  attack a t  silicon also holds for analogs of XXI, the 
previously mentioned insensitivity to steric effects at  the silicon reaction 
center in compounds XV-XVIII can only be speculated on. One possi- 
bility is a leveling effect which results from the fact that all of these SiRs 
moieties have relatively large R groups. An alternative explanation is that 
the well-known propensity for pentacoordination during nucleophilic 
substitution at  silicon leads to either a late transition state or intermediate 
(32) wherein the rate of 0-SiR3 bond cleavage is primarily controlled 
by leaving group stability, which is a constant factor in structures 
xv-XVIII. 


Extension of the kinetic studies to the hydrolysis of other triorga- 
nosilylated derivatives of anticancer agents focused upon evaluating the 
release rate of fluorouracil from compound XXVI, as there is widespread 
interest in developing new classes of in vivo precursors to fluorouracil 
(33-40), but apparently no available information on systems which utilize 
organosilicon chemistry. Proton NMR spectra obtained with compound 
XXVI in dioxane-tromethamine buffer (pH 7.4) revealed that the two 
dimethylsilyl singlets arising from the chemically nonequivalent silyl 
groups in XXVI decrease in intensity a t  the same rate, with concomitant 
appearance of the tert -butyldimethylsilanol signal. Evidently, a mo- 
nosilylated intermediate is too short-lived to be detected by low-resolu- 
tion NMR under these reaction conditions (Table I),  which led to a 
half-life for XXVI of only 1.08 min. At a buffer pH of 6.4, these spectral 
changes were too fast to measure, while a t  pH 8.4 the half-life of XXVI 
was 1.14 min. The increase in reaction rate with decreasing pH suggests 


lo If it is assumed that C-OSi bond cleavage in a tetrahedral 0-silyl carbamate 
ion is slow relative to proton shifts and SiR3 migration between the three oxygen 
atoms in this intermediate, then a 5050 mixture of water and I80-enriched water 
would scramble one I80-label among a total of six oxygens, and thus lead to -17% 
incorporation at the C-OSi linkage prior to its fragmentation. 
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Figure 7-NMR-derived Hammett plot (r = 0.997) for the solvolysis 
of para-substituted N-aryldimethylsilyl-N,N-bis(2-chloroethyl)amines 
In 50:50 ethanol-deuterochloroform at 27'; for details and the values 
of k', see Experimental section. The values used for ua aregiuen in the 
caption for Fig. 6. 


that hydrolysis in the pH range of 6.4-8.4 proceeds by hydrogen ion ca- 
talysis; i.e., protonation a t  the N1 and/or N3 positions. 


Anticancer Screening-Selected compounds were screened ac- 
cording to standard protocol (41) for either L-1210 or P-388 leukemias 
in either male or female mice. The hydrophobicity of these samples 
generally required the use of either hydroxypropylcellulose or aqueous 
polyoxyethylene sorbitan monooleate as the vehicle for intraperitoneal 
injections. For L-1210, the inoculum was 105 cells; for P-388, the inoculum 
was lo6 cells. Mean survival time was used as the evaluation parameter: 
a test/control percentage (T/C%) I125 indicates activity. Compounds 
VI, VII, XI, XXV, and XXVI were inactive against the L-1210 lymphoid 
leukemia; compounds XVI, XXI, and XXVIII-XXX were inactive in 
the P-388 test system. Table I1 summarizes pertinent data for those 
compounds which exhibited activity. Since it was not possible to have 
the parent (nonsilylated) drugs tested in parallel with these active ana- 
logs, an evaluation of prodrug versus parent drug activities could only 
be made in a highly qualitative manner by comparisons with screening 
data which had been previously obtained with the parent drug against 
the same type of cancer using similar vehicles, dosehnjection, and 
treatment schedules. A computer-assisted search was conductedll, and 
i t  was found that reasonable comparisons could be made for phospho- 
ramide mustard, nor-nitrogen mustard, and ftorafur, but not for p- 
aminophenyl mustard (XXII) and chlorambucil (XXIII). The 138% T/C 
obtained with X is much less than the 265% T/C value given by phos- 
phoramide mustard a t  a single-dose injection of 200 rng/kg, whereas the 
131% T/C determined for XXVII is essentially identical to the 130%T/C 
value exhibited by ftorafur under similar test conditions. Except for 
compound XVI, which was inactive, silylmustard XI11 and O-silylcar- 
bamates XIV-XVIII and XX covered a range of activities (T/C% 
-150-200) roughly equal to that of the parent nor-nitrogen mustard 
(T/C% 210 a t  37.5 mg/kg, 1 X lo), although the modality for treatment 
within this set of compounds was variable. 


C 0 N C L U S I 0  N S 
Kinetic measurements have demonstrated that triorganosilyl groups 


in 0-silyl esters of phosphoramide mustard, N-silyl nor-nitrogen mus- 
tards, 0-silylcarbamoyl nor-nitrogen mustards, and 0-silylated fluo- 
rouracil can be used as hydrolytically labile moieties for the design of new 
classes of potential anticancer prodrugs. Relative hydrolysis rates; pH 


NCI Automated Information Section of the Drug Evaluation Branch 
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effects, Hammett studies, and I80-labeling data are all consistent with 
rate-limiting hydroxide ion attack a t  silicon in the 0-silyl carbamates; 
however, increasing steric bulk about the silicon reaction center has a 
relatively small rate-retarding influence (<5-fold). 


On the other hand, long-range electronic effects caused by para sub- 
stituents in 0-aryldimethylsilyl carbamates are substantial, as evidenced 
by a p value of 2.39 in dioxane-tromethamine buffer (pH 7.4). 


Such electronic control may therefore be useful for fine-tuning the 
release of an active agent by a prodrug. Triorganosilylation of cyclo- 
phosphamide, fluorouracil, benzohydroxamic acid, and hydroxyurea 
obliterated the activity of these anticancer agents, whereas analogous 
alterations of phosphoramide mustard, nor-nitrogen mustard, p-ami- 
nophenylmustard, chlorambucil, and ftorafur led, in general, to retention 
of anticancer activity. The  especially encouraging screening results ob- 
tained for 0-tribenzylsilyl carbamate derivative XVIII have led to its 
recent selection by NCI for further evaluation in its tumor panel testing 
program. These screening results and studies of additional triorganosil- 
ylated anticancer prodrugs will be reported in the future. 
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APPENDIX 
Sensitivity of the Best Fit Analysis to P-To relate the present re- 


sults to their sensitivities to P,  the parameters C, and D must he con- 
sidered. As already shown, there was good agreement between the solu- 
bilities obtained from the best fit analysis and those obtained from ex- 
trapolation of the partial saturation data. Diffusivities obtained from the 
best fit analysis were in fairly good agreement with those obtained ex- 
perimentally. Diffusivity measurements were made a t  37O in a small 
volume diaphragm diffusion cell employing a modified Keller’s method 
(14). The D values determined experimentally in 0.0, 0.25, and 0.50% 
henzalkonium chloride solutions were 1.52,1.40, and 1.28 X cm2/sec, 
respectively. These compare with the best f i t  D values of 1.25,1.04, and 
1.08 X cm2/sec. 


Because of the good agreement between experimental and best f i t  
parameters for C, and D ,  an assessment of P can now be made. I t  must 
be remembered that as a system approaches total diffusion control, P 
becomes very large (surface equilibrium is fast) and therefore, 1/P he- 
comes small. The smaller the l/P ratio, the less sensitive the best fit re- 
sults will be to small changes in P. Another look a t  the systems studied 
shows that the diffusion control/interfacial control ratios are small to 
moderate except for the melt pellets in 5% sodium cholate, 0.1 M phos- 
phate buffer, and 0.50% benzalkonium chloride a t  pH 8.0 where the dif- 
fusion control/interfacial control ratio is -900/0. By making small changes 
in P ,  the sensitivity of the best fit results can he seen. It can be shown that 
if P is varied by f10% there is little change in the best fit results. However, 
a change in P greater than 10% will result in marked deviation of the 
experimental results and the theoretical curves. For the case where the 
diffusion control/interfacial control ratio is -90%, the uncertainty in P 
can be as high as 25%. 
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Abstract  A hammer mill is an impact mill commonly used in phar- 
maceutical manufacturing for reducing particle size for a variety of drugs. 
Commercial grade ammonium sulfate was milled as a model powder. This 
salt was sieved to obtain particle size fractions with average diameters 
of 1.3,0.9, and 0.72 mm which were used as feed particles. The milled 
material was analyzed for particle size distribution (PSD) using standard 
sieves. A t  a moderate speed (-2500 rpm), the feed size did not result in 
a significantly changed arithmetic mean diameter, d i  of milled particles. 
A new particle size reduction constant, k ,  is proposed as a result of a linear 
relationship between dr and output screen size, dS8. As d,, decreases, the 
PSD range of milled particles narrows; as mill speed increases (-5000 
rprn), dz decreases. The decrease is of a greater magnitude for larger d,, 
(2 mm) than for a smaller d,, (1 mm). At low speeds (-lo00 rpm), the 
PSD is wider compared to medium and high speeds. 


Keyphrases 0 Particle size-reduction by hammer mill, effect of output 
screen size, feed particle size, and mill speed Pharmaceutics-particle 
size reduction by a hammer mill Hammer mill-particle size reduction, 
pharmaceutics 


The hammer mill is an impact mill commonly used in 
pharmaceutical manufacturing for reducing particle size 
for a variety of drugs (1-3). Milling is an essential unit 
operation in tablet and capsule manufacture, yet very little 


has been reported about factors that affect milling (4, 
5). 


The present report examines the effect of related pa- 
rameters such as output screen size, feed particle size, and 
mill speed on particle size reduction by a hammer mill. 
Commercial grade ammonium sulfate was used as a model 
substance due to its low cost and large particle size distri- 
bution. 


EXPERIMENTAL 


Equipment-A laboratory bench-type hammer mill1, USP standard 
testing sieves2, and a laboratory sieve vibratos were used. The sieve sizes 
used were: 2.0,1.6,1.0,0.8,0.63,0.4,0.315, and 0.1 mm for preparation 
and analysis. 


Particle Size Reduction-Ammonium sulfate was sieved to obtain 
various particle size fractions with average diameters of 1.3,0.9, and 0.72 
mm. Sieve sizes used were 1.6,1.0,0.8, and 0.63 mm. The particles were 
stored a t  room temperature (25 f 3’) and a t  a constant humidity (60 f 
2%, to prevent agglomeration of particles) until required for milling. 


Model C580, micro hammer mill, Glen Creston, Stanmore, England. 
W. S. Tyler Inc., Mentor, OH 44060. 


3 Model 150, Derrick Inc., Buffalo, N.Y. 
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Figure I-Effect of varying d, on the particle size distribution. Feed 
particle size range, 1.G1.0 mm. Speed setting 4. Key (dd: 0,2.0; A, 1.5; 
and ., 1.0 mm. 
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Figure %-Effect of varying d, on the particle size distribution. Feed 
particle size range, 1.0-0.8 mm. Speed setting 4 .  Key  (d.J: O,2.0; A, 
1.5; and ., 1.0 mm. 


The mill was equipped with three free-swinging hammers with impact 
edges and variable rotational speed control. The material was fed as 5 
g portions. 


The total amount milled for each experiment was 50 g. The mill was 
fitted with round-hole design output screens with 2.0-, 1.5-, or 1.0-mm 
sizes. They were 3.03-, 3.06-, and 1.23-mm thick, respectively. The milled 
material was collected in a closed plastic bag and analyzed for particle 
size distribution using the standard vibrating nested sieve method. 


All data were obtained in duplicate and were virtually identical in all 
cases. 


Evaluation of &, and a-The mean diameter, d:, was obtained from 
arithmetic probability plots. The particle size a t  50% was taken as d:. 


The standard deviation, u, was also obtained from the arithmetic 
probability plots. The difference in particle sizes a t  84.13 and 50% size 
was taken as u. 


RESULTS AND DISCUSSION 


The rate a t  which a mill is fed is an important variable. Various 
amounts of feed material were milled to determine the optimum feed rate. 
This was determined experimentally by noting the discharge rate (grams 
per second) of milled material. Five grams was the optimum amount, 


E E 0.81 
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Figure 3-Effect of varying d,, on the particle size distribution. Feed 
particle size range, 0.8-0.63 mm. Speed setting 4 .  Key  (dad: 0 , 2 . 0 ;  A, 
1.5; and ., 1.0 mm. 


Table I-Effect of Output Screen Size on the Arithmetic Mean 
and Standard Deviation of the Milled Particles for Various Sizes 
of Feed Particles at Setting 4 (-2500 rpm) 


Output Screen Size, d,, 
2.0 mm 1.5 mm 1.0 mm 


d: f u di f u Feed Size Range, mm d: f u 
~ ~~ ~ ~ 


1.6-1.0 0.59 f 0.26 0.43 f 0.22 0.28 f 0.15 
1.0-0.8 0.61 f 0.25 0.45 f 0.21 0.27 f 0.15 
0.8-0.63 0.65 f 0.26 0.48 f 0.24 0.26 f 0.15 


Table 11-Effect of Milling Speed on Arithmetic Mean and 
Standard Deviation of the Milled Particles a t  Varying Output 
Screen Size * 


~~~ ~ 


Milling Speed Setting 
2 4 8 


d,,,mm d: f u dr f u d: f u 


2.0 0.88 f 0.40 0.59 f 0.26 0.31 f 0.27 
1.0 0.34 f 0.24 0.28 f 0.15 0.22 f 0.15 


Feed particle size range, 1.6-1.0 mm. 


giving the maximum discharge rate for this mill with ammonium sulfate 
as the feed material. 


This mill had a maximum speed of 6000 rpm. (Any reference to a 
constant speed implies that the speed setting on the mill was not changed 
during the experiment). Milling was done at three preselected settings. 
A low speed (setting 2, -1000 rpm), a medium speed (setting 4, -2500 
rpm), and a high speed (setting 8, -5000 rpm) were arbitrary selec- 
tions. 


Effect of Output Screen Size at Moderate Milling Speed-The 
evaluation of particle size data utilizing histograms has limited use. It 
is convenient to express data as arithmetic probability or normal prob- 
ability plots (1). 


Figures 1-3 show the effect of output screen size (d,, represents di- 
ameter of screen openings) on the particle size distribution of milled 
product for various sizes of feed material. Although milled material may 
show a log-normal distribution (4), the particle size distributions for 
milled particles in this study show a linear relationship on arithmetic 
probability plots indicating near normal distribution. Some plots show 
departure from linearity at extremes indicating nonasymptotic distri- 
bution; however, the usefulness of the data is not reduced. 


Table I shows that the output screen size, d,,, has a significant effect 
on the arithmetic mean size, d?, of the milled particles. Since the average 
feed particle size does not show a significant effect a t  setting 4, the data 
can be pooled. 


It is expected that decreasing d,, would decrease the particle size of 
the milled particles, as was confirmed in this study. However, no rela- 
tionship between d,, and milled particle size has been reported. It is also 
not known how decreasing d,, would affect the magnitude of u for the 
particle size distribution of the milled particles. 


A simple relationship may be hypothesized between d,, and d: of the 
milled particles and may be expressed as: 


d: = kld,, (Eq. 1) 


I , ,  I I l l  
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Figure 4-Effect of uarying milling speed on the particle size distri- 
bution, d, = 2.0 mm. Feed particle size range, 1.6-1.0 mm. Key (speed): 
A, setting 2 (-1000 rpm); 0 ,  setting 4 (-2500 rpm); and ., setting 8 
(-5000 rprn). 
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Figure 5-Effect of varying milling speed on the particle size distri- 
bution, d, = 1.0 mm. Feed particle size range, 1.6-1.0 mm. Key (speed): 
A, setting 2 (-1000 rpm); M, setting 4 (-2500 rprn); and 0 ,  setting 8 
(-5000 rprn). 


based on data in Table I where k is a particle size reduction factor. The 
value of k for Table I data is 0.294 (n = 9, SD = 0.022). This means that 
dr is about one-third less in size than the output screen size, regardless 
of the feed particle size range used in this experiment, a t  a moderate 
milling speed setting of 4 on this mill. 


The effect of d,, on the particle size range distribution of milled par- 
ticles can be seen by comparing its standard deviation. As d,, decreased, 
u decreased, i.e., the particle size distribution became narrower. The 
distributions were unaffected by the feed particle size due to a narrowing 
of the angle of particle discharge range as output screen size became 
smaller. 


I t  should be noted that the thickness of the 1-mm output sieve is ap- 
proximately half of the 2- and 1.5-mm sieves. Decreasing the thickness 
of the output screen should increase the range of particle discharge angles 
(6). Thus, the observed data for the I-mm size should be viewed with 
caution. 


Effect of Milling Speed-The speed at which a mill operates is an 
important factor in particle reduction. At  any given speed, as the material 
is fed, a mill slows down due to attrition of particles by the hammers until 
most of the material is discharged and the speed returns to the unloaded 
speed. 


Figures 4 and 5 show the effect of milling speed on the milled product 
a t  varying output screen sizes. The arithmetic mean, d?, and standard 
deviation (u) of the milled particles are shown in Table 11. 


It was expected that milling at higher speeds would further reduce the 
average particle size of the milled product due to the decreased angle of 
particle discharge (6). However, the extent of reduction or its effect on 
the range of particle size distribution of the milled particles has not been 
reported. 


At  settings 2,4, and 8, the mill speeds are -1000,2500, and 5000 rpm, 
respectively. Table I1 shows that as the mill speed increases, the arith- 
metic mean of the milled particle decreases. This decrease is of a greater 
magnitude for the larger output screen size (2 mm) than for the smaller 
output screen size (1 mm). 


A t  low speeds, the standard deviation of the milled particles is larger 
compared to medium and high speeds. This is reasonable because at lower 
speeds the particles are not expected to be discharged at a steeper angle. 
As the rotational speed increases, the angle of discharge reaches some 
optimum value, i.e., the particles cannot be discharged at an angle lower 
than the optimum, and a leveling off of the standard deviation is ob- 
served. 


Figure 6 shows the effect of output screen size and speed on the average 
particle size of the milled particles. The feed particle size range was 
1.6-1.0 mm. 
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Figure 6-Effect of d.. on dji of the milled particles at wrying milling 
speeds. Key (speed): A, setting 2 (-lo00 rprn); 0, setting4 (-2500 rprn); 
and M, setting 8 (-5000 rprn). 


The plot shows that Eq. 1 holds true at a moderate speed in this ex- 
perimental series, the slope of the line being particle size reduction factor 
k .  Equation 1 does not hold true at  a low milling speed (setting 2) or at 
a high milling speed (setting 8). The equation plot passes through the 
origin as it would be expected; if the output screen size were zero, then 
no milled particles would be obtained. 


Further work is in progress to determine the mathematical relationship 
of a change in k and to study milling characteristics of other selected 
pharmaceuticals. 
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BOOKS 


REVIEWS 


Physical Chemical Properties of Drugs. By SAMUEL H. YAL- 
KOWSKY, ANTHONY A. SINKULA, and SHRI C. VALVANI. 
Dekker, 270 Madison Ave., New York, NY 10016.1980.361 pp. 14 X 
23 cm. Price $45.00 (20% higher outside U S .  and Canada). 
An understanding of the chemical properties of a drug is necessary for 


understanding its activity since covalent bonding a t  the reaction site 
sometimes is (and metabolism always is) an important consideration. 
However, over the past two decades more sophisticated analytical tools, 
e g . ,  NMR and X-ray crystallography, have focused our attention on the 
fact that it is the wide variety of weaker physicochemical forces that 
nature uses to define a drug for a very specific purpose. Therefore, there 
recently has been a concerted effort to measure and report these physical 
constants. 


Actual application of appropriate constants to drug design has been 
limited by two factors: measurement of these constants has not kept pace 
with the need, and application methodology has lagged behind in certain 
areas. This volume does a great deal to remedy both shortcomings. 
Chapters 1,5,8,9, and 10 describe calculation procedures for pKa, par- 
tition coefficient (octanol/water), solubility parameter, molecular con- 
nectivity, and molecular surface areas, respectively. Chapters 2,3,6, and 
7 focus on the more effective use of pKa, hydrophobicity, solubility, and 
thermodynamic considerations in drug improvement. Chapter 4 points 
out important limitations in the Hansch approach to structure-activity 
relationships. 


This book does not in any important way duplicate others presently 
available in this field. It can be highly recommended to anyone with a 
strong commitment in drug design, as well as to students in advanced 
courses in that discipline. This book should be very valuable to anyone 
involved in modeling environmental transport and fate. 


Reviewed by Albert J. Leo 
Pomona College Medicinal 


Chemistry Project 
Seauer Chemistry Laboratory 
Claremont , CA 91 71 1 


Pharmaceutical Dosage Forms: Tablets Vol. 2. Edited by HERBERT 
A. LIEBERMAN and LEON LACHMAN. Dekker, 270 Madison Av- 
enue, New York, NY 10016,1981.520 pp. 18 X 25.5 cm Price $59.75. 
(A special student price of $24.50 for five or more copies through a 
college or university bookstore in the United States or Canada.) 
The second volume of this set lives up to the promise of the first. 


Whereas the first volume emphasizes the distinction between the types 
of tablets with details on the manufacturing of each, this volume discusses 
each unit process completely. As before, each chapter develops without 
a dependency on the nuances of other sections. 


The first four chapters cover mixing, drying, size reduction, and 
compression. Chapter five is really two chapters, one on the character- 
ization of granulations, and the other on the evaluation of finished tablets. 
The final chapter is a review of tablet press tooling. The types of punches, 
terminology, control, and problem solving are all discussed in excellent 
detail. 


Chapter six, “Bioavailability in Tablet Technology,” is over one-third 
of this volume. This does seem excessive. Most relevant background 
biopharmaceutic and pharmacokinetic concepts are reviewed in detail 
from the everted gut technique, pH partition, dissolution, and com- 
partmental modeling, to multiple dosing kinetics. There are excellent 
sections of dissolution evaluation and bioavailability assessment, with 
liberal referencing to the Federal Register. Examples are given of virtually 
everything discussed, and yet there is no discussion of the FDA’s statis- 
tical criteria of bioavailability of bioequivalence or of their criteria for 
the setting of a dissolution specification for generic bioavailability. These 
were needed more than some portions of the existing chapter when con- 
sidering where this chapter is presented. 


Nevertheless, this set, when completed, will probably be the state- 
of-the-art for many years to come. 


Reviewed by John H. Wood 
School of Pharmacy 
Medical College of Virginia 
Virginia Commonwealth University 
Richmond, V A  23298 
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Interaction of Povidone with Aromatic Compounds 111: 
Thermodynamics of the Binding Equilibria and Interaction 
Forces in Buffer Solutions at  Varying pH Values and 
Varying Dielectric Constant 


J. A. PLAIZIER-VERCAMMENX and R. E. DE NEVE 
Received July 21,1981 from the Faculteit Ceneeskunde en Farmacie. Vrije Uniuersiteit Brussel, Laarbeeklaan, 103 B-1090 Brussels, 
Belgium. Accepted for publication August 31, 1981. 


Abstract  0 The complex formation of a series of aromatic compounds 
with povidone was studied in buffer solutions and organic solvent mix- 
tures by equilibrium dialysis. For all the ligand molecules studied, a linear 
relationship was found between r ,  the number of moles of hound ligand 
per mole of povidone, and the free ligand concentration. The binding 
constants and the free energies of binding ( - A F ) ,  were greater for com- 
pounds in the nonionic state and increased with the number of hydroxyl 
groups which were capable of forming hydrogen bonds. They decreased 
with temperature elevation. The thermodynamic data showed entropy 
gains during the binding process accompanied by small negative enthalpy 
values. The increased ability to form hydrogen bonds and the increase 
in ionization of the ligand molecule was reflected in more negative AH 
and decreasing AS values. (The thermodynamic values were interpreted 
on the basis of the "iceberg" concept of water structure.) From these 
entropy and enthalpy changes, hydrogen and hydrophobic bondings 
appeared to be the most important types of binding. In organic solvent 
mixtures, the association constants lowered with increasing ethanol or 
propylene glycol concentration; a line relationship between the free en- 
ergy and the dielectric constant of the solvent mixtures was observed. 


Keyphrases  0 Povidone-interaction with aromatic compounds, 
thermodynamic considerations 0 Complexation-evaluation of povi- 
done-aromatic compound interaction, thermodynamic considerations 


Thermodynamics-interaction of povidone with aromatic com- 
pounds 


Two types of binding appear to be important in the 
complexing of ligand molecules onto povidone. It was 
suggested (1) that hydrogen bonding plays a role, since 
substituted groups capable of hydrogen bonding enhanced 
complex formation. However, ligand molecules in the 
nonionic form, showed a greater tendency to form com- 
plexes than when in the ionic state (2-4), indicating the 
importance of hydrophobic binding. The thermodynamics 
of binding (5-10) and the thermodynamic properties of the 
interaction between povidone and small molecules have 
been reported previously (2,4,11-17). 


0.2 ~ 


< 
c 


2000 4000 6000 
1 IF  


Figure 1-Znfluence of temperature on complex formation of 4-h.y- 
drorysalic~ylic acid with pooidone. The 4-hydronysalicylic acid con- 
centration was 2.5 X 10-4-2.00 X lo-' M, the pouidone concentration 
was 6.00ic (8.57 x 10+ M). 


However, the influence of the dissociation of the ligand 
molecule on the thermodynamic constants has not been 
studied. To achieve more insight into the binding process, 
this study evaluated how the thermodynamic constants 
are affected by the degree of ionization of the ligand mol- 
ecules and by the dielectric constant of the solvent. 


EXPERIMENTAL 


Materials-Povidone' (molecular weight 700,000) was used as the 
macromolecule. 


The following ligand molecules were studied: benzoic acid2, nicotinic 
acid3 (niacin), isonicotinic acid2 (isoniazjd), salicylic acid4, salicylamide2, 
salicylic acid hydrazide5, 4-hydroxysalicylic acid6, 5-hydroxysalicylic acid4 
(gentisic acid), and 5-nitrosalicylic acid6. 


The following buffer solutions were used: hydrochloric acid-potassium 
chloride buffer (18), pH 1.30 and 1.93; McIllvaine buffers (19), pH 
2.20-5.60; a phosphate buffer (181, pH 7.00; a boric acid-sodium tetra- 
borate buffer (20), pH 7.20; and a boric acid-sodium hydroxide buffer 
(18), pH 9.20 with sodium chloride. The solutions were brought to the 
ionic strength given in Table I. Sodium chloride showed no tendency to 
complex with povidone (21). The pH of the solutions was always checked 
potenti~metrically~ and adjusted, if necessary. 


T o  control the influence of the dielectric constant on complex forma- 
tion, water-ethanol and water-propylene glycol mixtures were prepared 
in various proportions, providing a range of dielectric constants. The 
dielectric constants of the mixtures were measured with a meters a t  25.0 
and 35.0". 


Equilibrium Dialysis-The ligand-macromolecule interactions were 
investigated using the method of equilibrium dialysis described previ- 
ously (22-26). 


Dialysis cellsg similar to those described by Neuhoff (27) were used. 
The regenerated cellulose membranes were freed of soluble material by 
leaching in frequently refreshed water and were then immersed in the 
respective buffers. The two compartments of the dialysis cells were filled, 
one with solution, the other with the same ligand solution containing the 
macromolecule. 


The cells were rotated a t  5 rpm in a constant temperature bath until 
equilibrium was reached. The povidone-free compartment was analyzed 
for free ligand. Experiments were carried out a t  25.0 and 50.0" with the 
buffer solutions, and a t  25.0 and 35.0' with the ethanol-water and pro- 
pylene glycol-water mixtures. 


Spectrophotometric Analysis-The ligand molecules, with UV 
absorption bands between 224 and 320 nm, were spectrophotometrically'O 
determined in the samples from the dialysis experiments. 


RESULTS AND DISCUSSION 


The polymer concentration, as well as the range of cosolute concen- 
tration. are indicated in Table I. 


' Povidone (Kollidon K 90), BASF. Brussels, Belgium. 
UCB, Brussels, Belgium. 
BHD, Poole, England. 
Merck, Darmstadt, West Germany. 
Aldrich, Beerse, Belgium. 


fi Merck-Schuchardt. Munchen. West Germany. 
7 Radiometer, Copenhagen, Denmark. 


Deka meter, DK 300 WTW. 
Kontron Diapack. 


lo  Perkin-Elmer, model 124. 
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Table I-Association Constants, nk = k ,  (liter/mole) for  Povidone-Cosolute Systems in  Buffer Solutions at Varying pH 


Povidone nk = k l  (XlO-"), 


Ligand Molecule Ligand Strength Ligand Concentration M x 1 0 5  PH 25.0" 50.0° 
pKa of Ionic Concentration, liter/mole 


Benzoic acid 
Benzoic acid 
Nicotinic acid 
Isonicotinic acid 
Salicylic acid 
Salicylic acid 
Salicylamide 
Salicylamide 
Salicylamide 
Salicylamide 
Salicylic acid hydrazi 
4-OH-Salicylic acid 
4-OH-Salicylic acid 
5-OH-Salicylic acid 
5-OH-Salicylic acid 
5-NO2-Salicylic acid 
5-NOAalicvlic acid 


4.2a 
4.2O 
4.83" 
4.84" 
2.97" 
2.97a 
8.2OC 
8.2OC 
8.2OC 
8.20' 


3.22" 
3.22" 


- de 


2.93" 
2.93" 
2.30" 
2.30" 


0.25 
0.25 
0.32 
0.32 
0.15 
0.15 
0.25 
0.25 
0.15 
0.15 
0.25 
0.25 
0.25 
0.25 
0.25 
0.15 
0.25 


1.00.10-4-2.00.10-~ 
1.00.10-4-2.00.10-2 
5.00. 10-4-1.00. lo-' 


2.50.10-4-1.00.10-2 
2.50. 10-4-1.00. lo-' 
2.50.10-4-5.00. 
2.50. 10-4-5.00.10-3 
2.50. 10-4-1 .00.10-2 
2.50.10-4-1.00.10-2 
1.00. 10-4-5.00. 
2.50.10-4-2.00. lo-? 
2.50. 10-4-2.00. lo-' 
2.50. 10-4-1 .OO. lo-? 
2.50.10-4-1.00.10-2 
1 .oo. 10-4-2.00.10-3 
1.00.10-4-2.00.10-3 


8.57 3.40b 7.8 
8.57 5.00b 2.5 .. 
7.14 5.60 1.1 
7.14 5.60 1.5 
8.57 2.206 16.2 
8.57 3.80b 13.1 
8-57 5.006 9.3 
8.57 5.00b 9.3 
8.57 7.20e 8.6 
8.57 9.20f 2.1 
8.57 7.00g 9.0 .~ 


8.57 


7.14 
8.57 


2.226 44.1 
4.22h 28.5 
1.93h 24.3 


7.14 3.936 18.4 
7.14 1.30h 6.0 
7.14 3.30b 10.8 


8.5 
2.0 
0.7 
1.2 


15.4 
9.9 
8.9d 
8.5 
6.5 
1.4 
7.7 


29.7 
17.5 
19.2 
10.8 
4.6 
8.5 


~ 


pKa of the carboxyl function. b McIllvaine buffer. c pKa of the hydroxyl function. d 40.0'. Boric acid-sodium tetrahorate buffer. f Boric acid-sodium hydroxide 
buffer. Phosphate buffer. h Hydrochloric acid-potassium chloride huffer. 


Preliminary experiments indicated that the binding constants were 
independent of povidone concentration. For the experiments carried out 
on the solvent mixtures, a Donnan correction (28) was taken into ac- 
count. 


Theory of Multiple Equilibria-The principles and concepts, fun- 
damental to an understanding of macromolecular binding, have been 
reported (22-26,29-30). If no interaction phenomena take place (25-26, 
30-33), reversible binding can be described by the equation: 


nkF  
1 + k F  


r = -  (Eq. 1) 


where r is the number of moles of cosolute bound per mole of polymer, 
n is the number of binding sites per mole of macromolecule, F is the molar 
concentration of free ligand a t  equilibrium, and k is the intrinsic binding 
constant (in liters per mole) for the cosolute on the binding sites. 


The data were evaluated using a rearrangement of Eq. 1 in a double 
reciprocal plot, as suggested by Klotz (34): 


1 
r nkF n 
1 -  + -  (Eq. 2) 


The results could also be described by the Freundlich isotherm: 


r = nkF1/" (Eq. 3) 


where m = 1. 
Association Constants and Thermodynamics in  Buffer Solu- 


tions-A characteristic set of results is shown in Fig. 1, where l / r  was 
plotted against 1/F; the slope of this plot was link, and the intercept on 
the ordinate was l l n .  Straight lines nearly intersecting the origin were 
obtained; the other derivatives under investigation behaved similarly. 
From Eq. 1 it can be seen that this implies k F  << 1, which is equivalent 
to Eq. 3 where m = 1. From Eq. 2, it is observed l /n  equals zero, or n is 
infinite, indicating a large number of adsorption sites. The fraction of 
the drug bound to povidone did not vary significantly with drug con- 
centration and the binding process appeared nonsaturable. 


The results were in accordance with other sources (2,4,14,17,35,36) 
reporting on the complex formation between povidone and ligand mol- 
ecules. I t  has been found (2,14,25) that the y-axis intercept values ( l /n)  
are often determined with great uncertainty, implying it has no physical 
meaning. In this case, it is preferable touse the values of nk = k l  (25) since 
it is a measure of the strength of the binding, while n only indicates the 
binding capacity. 


The association const,onts, n k ,  deduced frnm t.he slopes for povi- 
done-cosolute systems in buffer solutions at  different temperatures, are 
listed in Table I. The thermodynamic functions could be compared with 
each other because parameters such as the nature of buffer ions and ionic 
strength had no influence on the binding tendency (1) and consequently, 
on the thermodynamic functions. 


The association constants, for all the derivatives under investigation, 
were largest a t  25.0°, except for benzoic acid in the undissociated form 
(pH 3.40) (Table 1). 


The increase in the number of hydroxyl functions substituted on the 
benzene ring involved higher association constants (4-hydroxysalicylic 


acid > salicylic acid > benzoic acid), suggesting the importance of hy- 
drogen bonding. 


However, the compounds generally interacted to a lesser degree in the 
ionic than in the nonionic state, suggesting the importance of the hy- 
drophobicity of the substances in the binding process. An exception was 
5-nitrosalicylic acid, which showed an increasing binding tendency a t  
higher pH values. 


From the association constants, nk = k l  (see Table I) and its temper- 
ature dependence, thermodynamic functions for the binding of one mole 
of ligand with one mole of povidone could be obtained.(Table 11). For all 
the ligand molecules, the largest free energy (-MI values were obtained 
at  50.0" (Table 11). From the thermodynamic data listed in Table 11, it 
was clear that the binding process involved a gain in entropy (+AS) and 
that the enthalpies varied from small positive values (benzoic acid, pH 
3.40) to small negative values. The standard free energy of binding could 
be computed from the thermodynamic relation: 


AF" = -RT In kl  (Eq. 4) 


where k l  = nk, R is the gas constant, and T the absolute temperature. 
Assuming no significant temperature dependence of enthalpy change 


occurring within the temperature range used, the standard enthalpy 
change AHo for the association of one mole of ligand with one mole of 
macromolecule was estimated from: 


(Eq. 5) 


Table  11-Thermodynamic Data for  the Binding of One Mole of 
Ligand by One Mole of Povidone in Buffer Solutions at Varying 
PH 


MlO, U 2 " ,  AS', 
kcal/ kcal/ AH", cal/ 
mole mole kcal/ mole 


Ligand Molecule pH 25.0" 50.0" mole degree 


Benzoic acid 3.40" -5.3 -5.8 +0.7 20.1 
Benzoic acid 5.00" -4.6 -4.9 -1.5 10.4 
Nicotinic acid 5.60" -4.2 -4.3 -3.0 4.0 
Isonicotinic acid 5.60" -4.4 -4.5 -2.1 7.5 
Salicylic acid 2.20" -5.7 -6.2 -0.4 18.0 
Salicylic acid 3.80" -4.3 -5.9 -2.1 11.8 
Salicylamide 5.00" -5.4 -5.Tb -0.5 16.5 
Salicylamide 5.00" -5.4 -5.8 -0.7 15.8 
Salicylamide 7.20; -5.4 -5.6 -2.1 10.9 
Salicylamide 9.20 -4.5 -4.6 -3.2 4.6 
Salicylic acid hydrazide 7.00e -5.4 -5.8 -0.9 15.0 
4-Hydroxysalicylic acid 2.22" -6.3 -6.6 -3.0 11.1 
4-Hydroxysalicylic acid 4 . 2 2 O  -6.1 -6.3 -3.8 7.8 
5-Hydroxysalicylic acid 1.93f -6.0 -6.3 -1.8 14.0 
5-Hydroxysalicylic acid 3.93" -5.8 -6.0 -4.9 5.8 
5-Nitrosalicylic acid 1.30f -5.2 -5.4 -1.9 10.9 
5-Nitrosalicylic acid 3.30" -5.5 -5.8 -1.8 12.4 


McIllvaine buffer. 40.0". Boric acid-sodium tetraborate buffer. * Boric 
acid-sodium hydroxide buffer. Phosphate huffer. f Hydrochloric acid-potassium 
chloride huffer. 
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Figure 2-Influence of soloent mixtures on complex formation. Com- 
plexing of 5-hydroxysalicylic acid uiith pouidone. The  5-hydroxysalicylic 
acid concentration was 2.50 X 10-4-1.00 X lo-' M, the  povidone con- 
centration was 5.0Orr) (7.14 X M). Key: 1,  water; 2,5"h (oIu) pro- 
pylene glycol; 3, 10% propylene glycol; 4 ,20% ( u h )  propylene glycol; 
5 ,50% ( o h )  prop.ylene glycol. 


where T I  and Tz represent the absolute temperatures under investiga- 
tion. The relationship: 


AF" = AH" - T A S "  (Eq. 6) 


permitted calculation of the entropy of binding. 
The thermodynamic functions calculated from nk = k l  do not neces- 


sarily refer to a single site on the macromolecule. However, their values 
are useful in considering the nature of the binding, in comparing the 
binding of'dif'ferent ligand molecules by the same macromolecule, or in 
analyzing the effect of factors such as pH and ionic strength on the 
binding ( 2 5 ) .  


For the ligand molecules investigated, both AH" and A S o  decreased 
while the degree of dissociation increased. An exception was 5-nitro- 
salicylic acid, where AH" and AS" increased with an increase in the de- 
gree of dissociation. 


From the four types of binding, which could be considered in complex 
formation of ligands with povidone, i.e., ion-dipole, dipole-dipole, hy- 
drogen, and hydrophobic bonding, the latter appeared to play an im- 
portant role. Indeed, if complex formation was only due to hydrogen 
bonding, both AH" and AS' should be negative (37). However, AS' 
showed a positive value which is characteristic of not only hydrophobic 
(5, 38-40), but also electrostatic bonding (5-6). Although the ligand 
molecules also were investigated as ions, this last type of bonding was 
unlikely to occur since povidone has no ionizable groups (41). The results 
ruled out the possibility of electrostatic bonding because of the positive 
influence of the dielectric constant (D) of the solution and the ionic 
strength (1) on the binding (5). On the other hand, positive enthalpies 


AS 


15 - 


10 .  


60 70 80 60 7 0  80 
D D D 


5 
60 70 80 


Figure 3-Complex formation between salicylic acid and poilidone 
Change of free energy ( A F " ) ,  cnthalpg (AH"), and  entropy (AS") as  
a function of the ethanol concentration and dielectric constant 


Table 111-Thermodynamic Data (liter/mole) for Povidone- 
Cosolute Systems as a Function of Solvent Mixtures and  
Corresponding Dielectric Constant (Ligand Concentration: 2.50 
x M-1.00 X M) 


Solvent n k = k l  n k = k l  
Mix- ( x i o - ~ ) ,  (x 109, 
tures, Dielectric literlmole l i terhole 


Ligand 9o (vlv) Constant 25.0" 35.0" 


Ethanol 


Salicylic acid 0.0 
2.5 
5.0 


10.0 
20.0 


4-Hydroxy- 0.0 
salicvlic acid 


2.5 


Propyl- 
ene 


glycol 


5-Nitrosalicylic acid 0.0 
5.0 


10.0 
20.0 
50.0 


25.0" 


76.4 
75.2 
73.9 
71.5 
66.6 
76.4 


75.2 
73.9 
71.5 
66.6 
76.4 


75.2 
73.9 
71.5 
66.6 


76.4 
74.1 
71.8 
67.2 
53.4 


35.0" 


73.3 
72.1 
70.9 
68.6 
63.8 
73.3 


72.1 
70.9 
68.6 
63.8 
73.3 


72.1 
70.9 
68.6 
63.8 


73.3 
71.1 
68.9 
64.5 
51.2 


14.3 13.6 
13.8 13.0 
13.5 12.6 
12.8 11.6 
11.4 9.9 
39.4 36.2 


37.9 33.9 ~~. 


35.9 32.1 
33.9 28.9 
29.4 24.6 
21.2 18.6 


20.5 18.0 
19.4 17.1 
18.0 16.0 
15.9 14.1 


21.2 18.6 
19.1 16.8 
17.6 15.5 
14.7 12.9 
8.4 7.3 


(9) and large positive entropies are characteristic of hydrophobic bond- 
ings. It is believed that entropy plays a dominant role in this process (38). 
From the results l i e . ,  negative enthalpies (Table 11) and the decrease of 
complex formation with increasing temperature] it could be deduced that 
the binding process was not only due to hydrophobic bondings (5,42), 
but also to exothermic reactions, such as Van der Waals forces or hy- 
drogen bondings. 


Positive entropies are associated with many reactions involving the 
binding of ligand molecules onto povidone. They were generally attrib- 
uted to the formation of hydrophobic bonds (2,4,11,12,15,17) although 
hydrogen bonding cannot be overlooked (2,12,14,15). 


The results are interpreted on the basis of the "iceberg" concept (43) 
which assumes that hydrocarbon groups, present both in the polymer 
and in the aromatic cosolutes, are surrounded in aqueous solution with 
one or more layers of water molecules which are more highly ordered than 
the molecules in ordinary liquid water. Those layers are referred to as 
icebergs. In polar groups, such as carboxylic groups and anions, there will 
also be true hydration about the substituent group. 


The entropy changes occurring during the binding process are solely 
due to the disordering of the icebergs that accompany both the polymer 
and the cosolute molecules (5). The complex formed will be accompanied 
by an iceberg which is less ordered compared to t.he icebergs of the two 
separate entities which results in a proportional gain in entropy. In studies 
concerning the interaction of povidone with aromatic compounds, it was 
calculated (12) that the net enthalpy change was associated with: ( a )  the 
heat needed to overcome any specific interactions (i.e., true hydration) 
hetween water and the macromolecule and between water and the ligand 
molecule; ( b )  exothermic interaction between the dehydrated entities; 
and (c)  exothermic interaction between the water and the bound system 
(i.e., reformation of true hydration), and is essentially constant with a 
value of -5 kcal/mole. This value represented the interaction of the polar 
groups of the polymer with the *-electron system of the aromatic coso- 
lutes (12). By subtracting this value from AH" in Table 11, the net en- 
thalpy changes associated with the disordering of the water molecules 
in the icebergs around the polymer and the cosolute can be computed 
before the binding and the reformation of hydrogen bonds in the icebergs 
around the complex. These positive enthalpies, and the entropy values 
are responsible for the hydrophobic bonds. 


Ionic groups or substituents capable of hydrogen bond formation may 
also contribute to the enthalpy values of bonding. Furthermore, hydrogen 
bonds are able to weaken hydrophohic bonds (5). The results (Table 11) 
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Figure 4-Complex formation between 4-hydroxysaticylic acid and 
pouidone. Change in free energy (AF'), enthalpy (AH"), and entropy 
(AS") as a function of the  ethanol concentration and the dielectric 
constant. 


agreed with this iceberg concept in that the increase in the ability to form 
hydrogen bonds (from benzoic acid over salicylic acid to 4- and 5-hy- 
droxysalicylic acid) and the increase in ionization of the ligand molecules 
is reflected in more negative enthalpy and decreasing entropy values. 
Therefore, hydrogen bonding was associated with higher binding con- 
stants while hydrophobic bonding was associated with the lower con- 
stants. One exception was 5-nitrosalicylic acid which, in the case of the 
bulky nitro group, steric hindrance would be a significant factor (2). The 
thermodynamic constants obtained for a series of aromatic compounds 
(12) can be interpreted similarly. From positive enthalpies and high 
positive entropy values for benzene, both thermodynamic constants di- 
minish more and more with an increasing number of hydroxyl functions 
substituted on the benzene ring (more possibilities for hydrogen bonding) 
and are smallest for ionized ligand molecules. It is concluded that both 
types of bondings, hydrophobic and hydrogen, must play a role in the 
binding process. 


Povidone contains hydrophilic (pyrrolidine ring) and hydrophobic 
(vinyl chain) groups. A molecular model of the povidone macromolecule 
shows that the pyrrolidine ring and the paraffin backbone are accessible 
for the ligand molecules (16). Therefore, it is assumed that the hydrophilic 
segment is responsible for hydrogen bonding, the paraffin backbone for 
hydrophobic bonding. 


Thermodynamics in  Solvent Mixtures-For three ligand molecules, 
isotherms were determined in a series of ethanol-water mixtures and for 
one ligand molecule in propylene glycol-water mixtures. A characteristic 
set of experimental data is shown in Fig. 2, where r is plotted as a function 
of the free ligand concentration F.  In these solvent mixtures, the shape 
of the isotherms are the same as in the buffer solutions. 


From the isotherms, the association constants were determined and 
summarized in Table I11 with the measured dielectric constants of the 


As I A H l  AF I 


l 5  t - .1 I 
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Figure 5-Complex formation between 5-hydrowysalicylic acid and 
pouidone. Change o f  free energy (AF"), enthalpy (AH"), and entropy 
(AS") as a funct ion of  the  ethanol concentration and dielectric con- 
s tan t .  


60 70 60 70 SO-? 60 70  80 
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Figure 6-Complex formation between 5-hydroxysalicylic acid and 
pouidone. Change of  free energy (AF'), enthalpy (AH'), and entropy 
(AS") as a function o f  the propylene glycol concentration and dielectric 
constant. 


different solvent mixtures. With the aid of the association constants 
obtained a t  two temperatures, the thermodynamic functions were com- 
puted and represented as a function of the dielectric constants in Figs. 
3-6. 


From Table 111 it is noted that the association constants and therefore, 
the free energies (-MI, diminish with increasing ethanol or propylene 
glycol concentration. For these same concentrations, the association 
constants are largest a t  25.0'; for all the solvent mixtures, the reactions 
are exothermic (AH" negative), accompanied by high positive entropy 
values (Figs. 3-6). For the three ligand molecules under investigation, 
a linear relationship is found between the free energy (-M) and the 
dielectric constant of the solvent. 


This relationship can be written as: 


-AFo = cst t k'D (Eq. 7) 


or 


In nk = cst t k'D (Eq. 8) 


The shape of the AHo and ASo curves indicated that enthalpy and 
entropy are connected. 


A decrease in bond formation with a decrease in dielectric constant is 
generally attributed to hydrophobic bonds (4,5,44,45).  However, the 
decrease in dielectric constant influenced the solubility of the ligand 
molecule; therefore, changes in the solubility of ligand are responsible 
for the change in the binding tendency. 


The correlation between degree of binding, solubility, and dielectric 
constant of solvent mixtures is being investigated. 
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Abstract [3 Some para- and meta -substituted nitro-2-phenylindolizines 
were prepared and tested as potential antimicrobial agents. The syntheses 
were accomplished via the Chichibabin-Stepanow synthesis, using the 
properly substituted a-picoline and phenacyl bromides followed by direct 
nitration. 


Keyphrases 0 Antimicrobial activity-potential, nitro para- and 
meta-substituted 2-phenylindolizines 2-Phenylindolizines-potential 
antimicrobials, nitro para- and meta-substituted, synthesis Hetero- 
cycles-para- and meta-substituted 2-phenylindolizines, preparation, 
potential antimicrobials 


Earlier reports (1-4) have generated considerable in- 
terest in the fundamental chemistry of the indolizine 
heterocyclic system (I). However, there have been few re- 
ports of the biological activity of indolizines (5-7), and no 
systematic study has been reported. 


BACKGROUND 


One report (8) considered 2-(4-fluoro-2-methylphenyl)indolizine and 
2-(4-fluoro-2-methylphenyl)-7-methylindolizine as carcinogens, but 
failed to mention whether these compounds were actually tested for 
carcinogenic properties. 2-(4-Cyclohexylphenyl)indolizine was reported 
to be noncarcinogenic when painted on the skin of experimental animals 
(9). 


Another report (10) considered 1-indolizinealanine to be a tryptophan 
antimetabolite. Preliminary tests ( 1  1) reported that indolizine-1-acetic 


acid, the structural analog of indole-3-acetic acid(heteroauxin), showed 
some auxinlike activity. 


1 -Diethylaminomethyl-3-methyl-2-phenylindolizine reportedly pos- 
sessed central nervous system (CNS) depressant activity (12). No useful 
activity was found for some l-aminoalkyl-2-phenylindolizines, which were 
screened for their effects on the CNS in mice and in cats (13). The com- 
pounds were stimulants a t  low doses, depressants a t  higher doses, and 
caused death by convulsions. 


The 2,3-bis(p-methoxyphenyl)indolizines were reported to possess 
antiexudative activity (14). It was previously reported (15) that 2-(4- 
fluoro-3-methy1phenyl)indolizine decreased the duration of paralysis 
caused by the drug zoxazolamine when tested in rats. No anti-inflam- 
matory activity for 2-(p-methylphenyl)-l-phenylindolizine and 2-(p- 
bromopheny1)-I-(p-methoxypheny1)indolizine was found (16) relative 
to the reference indoxole. 


Rosseels et al. (17) found that 3-acetyl-2-alkyl-1-nicotinoylindolizines 
showed anti-inflammatory activities equivalent to acetylsalicylic acid, 
and 2-ethyl and 2-n-propyl-1-nicotinoylindolizines possessed analgesic 
activities greater than that of antipyrine. 


Two earlier reports (18,19) stated that N1-substituted hydrazides of 
indolizine-2-carboxylic acid were more active than iproniazid in the in- 
hibition of monoamine oxidase. Antonini et al. (20) also found that 3- 
(3-aminopropyl)-2-methylindolizine possessed antiserotonin antihis- 
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Abstract  o The thermodynamic pKa values for doxepin and its me- 
tabolite desmethyldoxepin were determined by the solubility method 
to be 8.96 and 9.75, respectively at 25". The intrinsic solubilities for 
doxepin and desmethyldoxepin were linearly dependent upon ionic 
strength. The intrinsic solubilities a t  zero ionic strength and 25" were 
determined to be 1.13 X M for 
desmethyldoxepin. The solubility experiment was repeated at different 
temperatures and a constant ionic strength of 0.167 M .  The change in 
enthalpy (6.71 kcal/mole) and entropy (-4.16 cal/mole OK) of solution 
for doxepin was determined from a van't Hoff plot for this nonideal 
system. The apparent partition coefficient between hexane and water 
for the doxepin free base was determined to be 13,615 at an ionic strength 
of 0.067 M .  


Keyphrases 0 Doxepin-solubility and ionization characteristics 0 
Desmethyldoxepin-solubility and ionization characteristics Solu- 
bility-of doxepin and desmethyldoxepin, ionization characteristics 
Ionization-of doxepin and desmethyldoxepin, solubility 


M for doxepin and 3.95 X 


Doxepin hydrochloride is one of a class of psychother- 
apeutic agents known as dibenzoxepin tricyclic com- 
pounds. To further understand its in vivo behavior, the 
fundamental physicochemical properties of doxepin and 
one of its metabolites, desmethyldoxepin, were studied. 
These properties may partially explain the ability of the 
drug to cross membranes and accumulate and/or distribute 
in various tissues. The ease of extraction of the drug from 
biological samples, even at  pH values a t  which the pro- 
tonated species predominate, may be explained by the 
magnitude of the partition coefficient and the intrinsic 
solubility of the free base. 


The apparent ionization constants for similar tricyclic 
compounds were determined earlier using the solubility 
method (1). Similarly, the solubility method was also used 
to obtain an apparent pKa value for phenytoin (2). 


In this paper, apparent pKa values were determined for 
doxepin and desmethyldoxepin at  different ionic strengths 
and were used to calculate the thermodynamic pKa values 
for each compound. In addition, the intrinsic solubilities 
at  zero ionic strength were also determined. 


EXPERIMENTAL 


Materials-Doxepin and desmethyldoxepin were gifts'. Sodium 
chloride, sodium hydroxide, sodium carbonate, hydrochloric acid, and 
hexane were all reagent grade and used as obtained. 


Determination of pKa-The intrinsic or saturated solubility of 
doxepin and desmethyldoxepin a t  different pH values was determined 
and plotted using the following (3,4): 


p H = p K a - l o g  - -1  KO 1 
where SO is the intrinsic solubility of the free base, and S is total solubility 
and includes both protonated and unprotonated forms of the drug. 


The experiment was carried out by determining the solubility of the 


' Pennwalt Carp., Rochester, NY 14623. 
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Figure 1-Plot of intrinsic solubility (Sd versus ionic strength (I). Line 
1 represents the intrinsic solubility of doxepin at increasing ionic 
strengths. Each point is an average of five to seven determinations, and 
the solid line is obtained by least-squares regression. Line 2 represents 
desmethyldorepin, each point is the average of two determinations, and 
the solid line is obtained by least-squares regression. Error bars indicate 
one standard deviation around the mean. 


compound a t  several pH values. Ten 15-ml culture tubes with polytef2- 
lined screw caps were silylated3 and maintained a t  25" to minimize the 
separation of the drug as an oil. Into each pair of tubes, 1 ml of 0.05 car- 
bonate buffer (pH 9.0-10.8) was added. 


The solubility for each compound was determined a t  four to six dif- 
ferent pH values a t  constant ionic strength. The intrinsic solubility (So)  
was obtained by measuring the amount of drug in solution a t  25" after 
the pH was adjusted to  12.6 with sodium hydroxide. This pH provided 
a ratio in excess of 10001 in favor of the unprotonated species. Five 
milliliters of stock solution (1.0 X M of doxepin hydrochloride or 
4.5 X M desmethyldoxepin hydrochloride) was added to all tubes, 
approximating a 10-fold excess of drug as the free base. 


The tubes were capped, sealed with paraffin film4, and equilibrated 
in a water bath a t  25" for 5 hr and centrifuged5 a t  25" and 3000 rpm for 
30 min. The supernate was then transferred into a clean culture tube to 
minimize the redispersion of excess drug present as an oil. The solutions 
that did not exhibit a Tyndall effect were assayed spectrophotometri- 


2 Teflon. 


4 Parafilm, American Can Co., Dixie/Marathon, Greenwich, CT 06830. 
Silyl 8, Pierce Chemical Co., Rockford, Ill. 


Universal model UV International Equipment Co., Needham Heights, Mass. 
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Figure 2-Typical plot of pH versus -log(S/So - 1) for doxepin (Line 
1 )  and desmethyldoxepin (Line 2), obtained at an  ionic strength of 0.05 
M. Each point represents at least two obseruations. The solid line in 
each case represents a least-squares regression through the data 
points. 


cally6 at  292 nm and their pH values were recorded7. The absorbances 
were then converted into concentrations using a standard curve. 


Determination of Thermodynamic Parameters-The van't Hoff 
plot was obtained by determining the intrinsic solubility of doxepin a t  
different temperatures, but a t  constant ionic strength and plotting the 
natural log of the mole fractions ( X z )  uersus the reciprocal of the absolute 
temperatures. The thermodynamic parameters AH and AS, the change 
in ethalpy and entropy, respectively, were obtained from the slope and 
intercept, (5): 


0%. 2) 


where R is the gas constant and T is the absolute temperature. 
The procedure to determine these parameters was identical to that for 


the pKa determination, except that 16 tubes were used for each tem- 
perature (5,10,13,18, and 25O), and sufficient sodium hydroxide was used 
to adjust the pH to a constant 12.6. The solutions were brought to tem- 
perature (to minimize pressure changes inside the tubes) prior to capping. 
The tubes were then equilibrated a t  the selected temperature. After 
equilibration, the tubes were transferred immediately into a refrigerated 
centrifuge and spun at  7000 rpm for 40 min a t  a constant temperature. 


The supernate of replicate tubes were combined, transferred into a 
clean tube and centrifuged8 at  7000 rpm for an additional 1 hr. The re- 
sultant supernate (10 ml) was then spectrophotometrically analyzed as 
described previously. The data obtained from the doxepin solubilities 
were converted to mole fractions using the appropriate specific gravity 
of the solution in question. Specific gravities were determined with a 
25-ml pycnometer. 


In all cases, the differences in weight per milliliter between the samples 
and distilled water was less than 1%; hence, the thermodynamic values 
were obtained from these data without the correction for volume changes 
upon mixing. 


Determination of Partition Coefficient-The conditions were 
identical to those used in the pKa determination except that four 20-ml 
tubes were used, each containing 15 ml of doxepin stock solution (7.5 X 


6 Beckman DB-GT spectrophotometer connected to a 25.4-cm Beckman re- 


7 Beckman Century SS-1 pH meter connected to a model 39030 combination 


* Sorvall superspeed RC2-B refrigerated centrifuge fitted with a SS-34 rotor. 


corder. 


electrode.. 


Sorvall Inc., Newtown, CT 06470. 


1 


0.0 0:r 0.2 0.3 


JT 
Figure 3-Plot of apparent p K a  versus 4. Line 1 represents doxepin 
and line 2 represents desmethyldoxepin. The solid lines are obtained 
by least-squares regression. 


M ) ,  sufficient sodium hydroxide to obtain a constant pH of 12.6, 
and 0.5 ml of hexane. After equilibration, the tubes were centrifuged4 at  
2500 rpm for 20 min, and both phases were assayed spectrophotometri- 
cally at  292 nm for doxepin content. Saturation of both phases by doxepin 
was confirmed by repeating the assays a t  various time intervals during 
the equilibration period of 5 hr and observing that the drug concentration 
in both phases remained constant. Excess free base of doxepin was clearly 
visible in the container forming a separate phase of oil droplets within 
the aqueous layer. The drug concentration in each phase was calculated, 
adjusted for volume differences, and used to determine the apparent 
partition coefficient. 


RESULTS AND DISCUSSION 


Figure 1 shows the linear relationship of the intrinsic solubility of 
doxepin and desmethyldoxepin free base obtained at  the corresponding 
ionic strengths. The reduction of the intrinsic solubility with increasing 
.ionic strength may be due to a salting-out effect. The intrinsic solubility 
at  zero ionic strength and 25' was determined from the intercept of the 
least-squares regression to be 1.13 X M with a standard error of 
f3.12 X 10-6M for doxepin and 3.95 X lO-'M with a standard error of 
f1.75 X M for desmethyldoxepin. 


Tricyclic antidepressants have a high surface activity and it was 
speculated (1) that they may form micelles. It is therefore possible that 
the true solubilities may be slightly lower than those indicated. However, 
discontinuities in the spectrophotometric standard curves which would 
suggest association, have not been observed over the solubility range. In 
addition, no Tyndall effect has been detected visually. Therefore, asso- 
ciated species or micelles do not appear to be formed at  the concentrations 
studied for doxepin and desmethyldoxepin. 


Figure 2 shows a typical plot of -log(S/So - 1) uersus pH (Eq. 1) for 
doxepin and desmethyldoxepin at  an ionic strength of 0.05 M. For each 
compound, the apparent pKa was obtained from the intercept of the 
least-squares regression line over a range of ionic strengths. For each 
determination of the apparent pKa, the intrinsic solubility was used at  
the appropriate ionic strength required. A t  low ionic strengths of <0.01 
M ,  the equation relating pKa to ionic strength ( I )  is described by (6): 


pKaT = pKaA - 0.505 fi (Eq. 3) 


where pKaT is thermodynamic pKa and pKaA is apparent pKa. 
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Figure 4-The uan’t Hoff plot of In XZ, versus IIT, in degrees K, for 
doxepin a t  an  ionic strength of 0.167 M. Error bars indicate one stan- 
dard error around the mean with each point representing four to eight 
determinations. 


Figure 3 shows the least-squares regression line representing the re- 
lationship between the apparent pKa values and the square root of the 
ionic strength of the system a t  which they were determined (Eq. 3). The 
y-intercept yields a pKaT of doxepin at zero ionic strength of 8.96 with 
a standard error of f0.05. This value substantially differs from the value 
of 8.0 (7) but is similar to the apparent pKa of other tricyclics with a 
similar alkyl side chain, such as chlorpromazine and imipramine whose 
apparent pKa values are 9.3 and 9.5, respectively (1). 


For desmethyldoxepin, a pKaT value of 9.75 with a standard error of 
f0.05 was obtained from the intercept of the least-squares regression line. 
This value is in the same range as other demethylated tricyclic com- 
pounds such as desipramine, whose apparent pKa is 10.2 (1). The increase 
in the pKa of desmethyldoxepin over that  of doxepin may be due to the 
loss of a methyl group and its replacement by a hydrogen atom on the 
amine side chain. Hydrogen bonding between the solvent water and the 
hydrogen atom on the secondary amine of desmethyldoxepin displaces 
the hydrogen from the nitrogen, causing the nitrogen to be more electron 
rich, hence, increasing its basic character. This increased basicity leads 
to a weaker conjugate acid and an increase in pKa (8). 


The linearity of the van’t Hoff plot (r2 = 0.979) indicates that the 
number of water molecules necessary for solvation is temperature inde- 
pendent in the range tested. The slope and the intercept of the van’t Hoff 
plot yielded the thermodynamic values for the change in entropy and 
enthalpy of solution (Fig. 4). The change in enthalpy of solution was 6.71 
with a standard error of f0.19 kcal/mole, a positive value indicating that 
the system absorbed heat from its surroundings as would be expected 
from a nonpolar molecule with low aqueous solubility. The change in 
entropy of solution was -4.16 with a standard error of f0 .64 cal/mole 
OK. 


The apparent partition coefficient for doxepin in hexane-water was 
determined a t  pH 12.6 and was 13,615: 1 with a standard deviation of 
f360. The high value of the partition coefficient in hexane-water indi- 
cates the large lipid solubility of doxepin. The log of the partition coef- 
ficient was 4.13 and compares well with other tricyclic psychotherapeutic 
agents such as imipramine and chlorpromazine whose log octanol-water 
partition coefficients are 4.62 and 5.32, respectively (9). Preliminary 
experiments were able to extract WO of 6.25 X M doxepin contained 
in 30 ml of water with a single 3-ml sample of hexane by vortexing for 5 
min a t  pH 7.5. This is 1.5 units below its pKa and the base should be 
substantially protonated; yet the extraction a t  a somewhat unfavorable 
pH took place with ease, apparently due to its large partition coeffi- 
cient. 


M desmethyldoxepin was extracted 
a t  pH 8.7,1.3 units below its pKa but otherwise similar conditions. Al- 
though the partition coefficient of desmethyldoxepin was not determined 
in hexane-water, we speculate that it cannot be as large as that of doxepin. 
Based on our calculations, using a direct proportionality of 90% doxepin 
with a partition coefficient of 13,6151 to 75% desmethyldoxepin extracted 
under similar conditions, the partition coefficient of desmethyldoxepin 
for hexane-water was estimated to be about 10,0001. 


However, only 75% of 6.33 X 


REFERENCES 


(1) A. L. Green, J. Pharrn. Pharmacol., 10,19 (1967). 
(2) P. A. Schwartz, C. T. Rhodes, and J. W. Cooper, J. Pharrn. Sci., 


(3) H. A. Krebs and J. C. Speakman, J. Chern. SOC., 2,593 (1945). 
(4) H. A. Krebs and J. C. Speakman, Br. Med. J., 47, (1946). 
(5) M. A. Lauffer, “Entropy Driven Processes in Biology,” Springer- 


Verlag, New York, N.Y., 1975, p. 1. 
(6) A. Albert and E. P. Serjeant, “Ionization Constants of Acids and 


Bases,” Methuen, London, 1962, p. 59. 
(7) Anon., “American Hospital Formulary Service,” M. J. Reilly and 


J. A. Kepler, Eds., American Society of Hospital Pharmacists, Wash- 
ington, D.C., 1977. 


(8) E. M. Arnett and G. W. Mach, J.  Am. Chem. SOC., 86, 2671 
(1964). 


(9) G. G. Nahas, B. Desoize, and C. Leger, Proc. SOC. Exp. Biol. Med., 
160,344 (1979). 


66,994 (1977). 


ACKNOWLEDGMENTS 


Supported in part by the National Institute of Child Health and 
Human Development Grant lROlHD14075-01. 


Journal of Pharmaceutical Sciences f 193 
Vol. 71, No. 2, February 1982 












A publication of the 
Amerlcan Pharmaceutlcsl Assoclatlon- 
the Nalional Professional Soclety 
of Pharmacists 


JOURNAL OF 
PHARMACEUTICAL 


SCIENCES @ 
INDEX TO AUTHORS 


INDEX TO SUBJECTS 


VOLUME 71 
JANUARY TO DECEMBER, 1982 


Published monthly under the supervision of the Board of Trustees 


MARY H. FERGUSON 
Editor (Jan.-Oct.) 


SHARON G. BOOTS 
Editor (Nov.-Dec.) 


NANCY E. BROWN 
Production Editor 


MICHAEL K. HAYES 
Copy Editor 


JOHN E. SEALINE 
Copy Editor 


Contributing Editor 


Contributing Editor 


Editorial Secretary 


Director of Publications 


EDWARD G. FELDMANN 


SAMUEL W. GOLDSTEIN 


BELLE R. BECK 


NEIL MlNlHAN 


EDITORIAL ADVISORY BOARD 


Kenneth A. Connors 
Louis Diamond Herbert A. Lieberman 
Norman R. Farnsworth 
Milo Gibaldi Edward G. Rippie 


W. Homer Lawrence 


Ian W. Mathison 












(16) H. P. Frank, S. Barkin, and F. R. Eirich,J. Phys. Chem., 61,1375 
(1957 ). 


(17) S. Keipert, I. Korner, and R. Voight, Pharmazie, 31, 790 
(1976). 


(18) “Tables Scientifiques,” 6th ed., J. R. Geigy, Ed., Documenta 
Geigy, Basel, Switzerland, 1962. 


(19) P. J. Elving, J. M. Markovitz, and I. Rosenthal, Anal. Chem., 28, 
1179 (1956). 


(20) J .  H. Block, E. B. Roche, T. 0. Soine, and Ch. 0. Wilson, “Inor- 
ganic Medicinal and Pharmaceutical Chemistry,” Lea & Febiger, Phil- 
adelphia, Pa., 1974. 


(21) E. Killmann, Kolloid-2. 2. Polym., 242,1103 (1970). 
(22) J. T. Edsall and J. Wyman, “Biophysical Chemistry,” vol. 1, Ac- 


ademic, New York, N.Y., 1958. 
(23) I. M. Klotz, in “The Proteins,” vol. 1, part B, H. Neurath and K. 


Bailey, Eds., Academic, New York, N.Y., 1953. 
(24) C. Tanford, “Physical Chemistry of Macromolecules,” Wiley, New 


York, N.Y., 1966. 
(25) R. M. Rosenberg and I. M. Klotz, in “A Laboratory Manual of 


Analytical Methods of Protein Chemistry,” vol. 2, P. Alexander and R. 
J. Block, Eds., Pergamon, London, 1960. 


(26) J. Steinhardt and J. A. Reynolds, “Multiple Equilibria in Pro- 
teins,” Academic, New York, N.Y., 1969. 


(27) V. Neuhoff and F. Kuhl, Arrneim.-Forsch., 19, 1898 (1969). 
(28) F. P. Donnan, Chem. Reu. ,  1,73 (1924). 
(29) I. M. Klotz, Arch. Biochem., 9,109 (1946). 
(30) I. M. Klotz and D. L. Hunston, J .  Biol. Chem., 250, 3001 


(31) L. W. Nichol, G. D. Smith, and A. G. Ogston, Biochim. Biophys. 
(1975). 


Acta, 184, l(1969). 


(32) J. E. Fletcher and A. A. Spector, Mol. Pharmacol., 13, 387 


(33) F. Karush and M. Sonenberg, J .  Am. Chem. Soc., 71, 1369 


(34) I. M. Klotz, F. M. Walker, and R. B. Pivan, ibid., 68, 1486 


(35) T. Higuchi and R. Kuramoto, J .  Am. Pharm. Assoc., Sci. Ed., 43, 


(36) Ibid., 43,398 (1954). 
(37) K. Munzel, Dtsch. Apoth. Ztg., 107, 1312 (1967). 
(38) M. Abu-Hamdiyyah, J .  Phys. Chem., 69,2720 (1965). 
(39) C. K. Bahal and H. B. Kostenbauder, J .  Pharm. Sci., 53,1027 


(40) W. Scholtan, Arzneh-Forsch.,  13,288,347 (1963). 
(41) L. May, M. Hines, L. Weintraub, J. Scudder, and S. Graff, Sur- 


gery ,  35,191 (1954). 
(42) C. B. Anfinsen, M. L. Anson, K. Bailey, and J. T. Edsall, “Ad- 


vances in Protein Chemistry,” vol. XIV, Academic, London, England, 
1959. 


(1977). 


(1949). 


(1946). 


393 (1954). 


(1964). 


(43) H. S. Frank and M. Evans, J .  Chem. Phys., 13,507 (1945). 
(44) K. Nishida and H. Watanabe, Kolloid-2. 2. Polym., 244, 346 


(45) S. Keipert, d. Becker, and R. Voight, Pharmazie, 32, 280 
(1971). 


(1977). 


ACKNOWLEDGMENTS 
Abstracted from a thesis submitted by J. A. Plaizier-Vercammen to 


the Vrije Universiteit Brussel, in partial fulfillment of the Doctor of 
Philosophy degree requirements. 


The authors thank MI. G. R. Bultinck for technical assistance. 


Nitro- para- and meta- Substituted 
2-Phenylindolizines as Potential Antimicrobial Agents 


CLAUD10 L. K. LINS, JOHN H. BLOCK”, and ROBERT F. DOERGE 
Received May 20,1980, from the School of Pharmacy, Oregon State Uniuersity, Corvallis, OR 97322. Accepted for publication June 26,1981. 


Abstract [3 Some para- and meta -substituted nitro-2-phenylindolizines 
were prepared and tested as potential antimicrobial agents. The syntheses 
were accomplished via the Chichibabin-Stepanow synthesis, using the 
properly substituted a-picoline and phenacyl bromides followed by direct 
nitration. 


Keyphrases 0 Antimicrobial activity-potential, nitro para- and 
meta-substituted 2-phenylindolizines 2-Phenylindolizines-potential 
antimicrobials, nitro para- and meta-substituted, synthesis Hetero- 
cycles-para- and meta-substituted 2-phenylindolizines, preparation, 
potential antimicrobials 


Earlier reports (1-4) have generated considerable in- 
terest in the fundamental chemistry of the indolizine 
heterocyclic system (I). However, there have been few re- 
ports of the biological activity of indolizines (5-7), and no 
systematic study has been reported. 


BACKGROUND 


One report (8) considered 2-(4-fluoro-2-methylphenyl)indolizine and 
2-(4-fluoro-2-methylphenyl)-7-methylindolizine as carcinogens, but 
failed to mention whether these compounds were actually tested for 
carcinogenic properties. 2-(4-Cyclohexylphenyl)indolizine was reported 
to be noncarcinogenic when painted on the skin of experimental animals 
(9). 


Another report (10) considered 1-indolizinealanine to be a tryptophan 
antimetabolite. Preliminary tests ( 1  1) reported that indolizine-1-acetic 


acid, the structural analog of indole-3-acetic acid(heteroauxin), showed 
some auxinlike activity. 


1 -Diethylaminomethyl-3-methyl-2-phenylindolizine reportedly pos- 
sessed central nervous system (CNS) depressant activity (12). No useful 
activity was found for some l-aminoalkyl-2-phenylindolizines, which were 
screened for their effects on the CNS in mice and in cats (13). The com- 
pounds were stimulants a t  low doses, depressants a t  higher doses, and 
caused death by convulsions. 


The 2,3-bis(p-methoxyphenyl)indolizines were reported to possess 
antiexudative activity (14). It was previously reported (15) that 2-(4- 
fluoro-3-methy1phenyl)indolizine decreased the duration of paralysis 
caused by the drug zoxazolamine when tested in rats. No anti-inflam- 
matory activity for 2-(p-methylphenyl)-l-phenylindolizine and 2-(p- 
bromopheny1)-I-(p-methoxypheny1)indolizine was found (16) relative 
to the reference indoxole. 


Rosseels et al. (17) found that 3-acetyl-2-alkyl-1-nicotinoylindolizines 
showed anti-inflammatory activities equivalent to acetylsalicylic acid, 
and 2-ethyl and 2-n-propyl-1-nicotinoylindolizines possessed analgesic 
activities greater than that of antipyrine. 


Two earlier reports (18,19) stated that N1-substituted hydrazides of 
indolizine-2-carboxylic acid were more active than iproniazid in the in- 
hibition of monoamine oxidase. Antonini et al. (20) also found that 3- 
(3-aminopropyl)-2-methylindolizine possessed antiserotonin antihis- 
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Table I-Indolizines 


Compound 
Number x 


Melting Percent 
Y Point. Yield Formula 


Analysis 
Calc. Found 


XIa H H 214-215' 
253-254" 
175-176' 
245-246" 
160-16 1 ' 
227-228' 


H OCHs 125-126' 
XIh CH3 H 215-216' 
XIi H CHB 143-145' 


80 
86 
81 


96 
as 


271.000 27 1. to0 


227.050 227.050 
CiiHioNCl - - 


a Reference 36. * Reference 43. Empirical formula confirmed by high resolution mass spectrometry". Reference 44. 


tamine and antiacetylcholine properties with some CNS activity. 
Some reports (21, 22) considered 2-alkyl-3- and 2-alkyl-I -(4-dialk- 


y1aminoalkoxybenzoyl)indolizine derivatives as antianginal agents. Other 
groups (23, 24) reported that 2- and 3-benzoylindolizine derivatives 
showed hemodynamic characteristics similar to those of amiodarone with 
noncompetitive antiadrenergic properties. 


It was reported (25) that 2-[4-(2-indolizinyl)phenyl]propionitrile and 
propionic acid derivatkes have analgesic, antipyretic, and anti-inflam- 
matory activities. The indolizine analog of pindolol was found to have 
nonselective 0-adrenergic blocking activity (26). 


The chemotherapeutic effectiveness of numerous heterocyclic com- 
pounds containing a nitro moiety is well documented. Nitrofurazine (11) 
is used in urinary tract infections and is effective against both Gram- 
positive and Gram-negative organisms (27, 28). Metronidazole (111) is 
an effective trichomonacidal agent used in vaginal infections (29). Outside 
of the United States, ipronidazole (IV) and tinidazole (V) are used for 
their antimicrobial action (30, 31). Niridazole (VI) and the open-chain 
analog, nithiazide (VII), are known to have antibacterial activities (32, 
33). 


There is a need for the development of new antimicrobial agents be- 
cause of resistance developed by the microbial organisms, toxic side ef- 
fects, limited spectrum of activity, and inability to concentrate in desired 
tissues using the compounds now available. The antimicrobial properties 
of indolizines have not been studied. For this reason, a preliminary in- 
vestigation of the antimicrobial action of substituted phenylindolizines 
with and without the nitro group was conducted. 


RESULTS AND DISCUSSION 


Preparat ion of Compounds-All the compounds prepared were 
para- and rneta-substituted 2-phenylindolizines (Table I, compounds 
XIa-i 1. They were prepared from a-picoline (VIII) and phenacylbrom- 
ides (1x1 ora the Chichibabin-Stepanow synthesis (34) (Scheme I). The 
cu-picoline and phenacyl bromides were combined to form a pyridinium 
salt (X) (Table 11, compounds Xa-i), which was cyclized in refluxing 


0 d L C H  0 =NNHcoNH, 


I1 


,'-*YN R, 


111: R ,  = -CH,CH,OH, R, = -CH, 
IV: R ,  = - C H , ,  R, = -CH(CH, ) ,  
V :  R ,  = -CH,CH,SO,CH,CH,, R, = -CH, 


0 
H 


u3 O J N L  


YN R 


VI: R = / N 
VII: R = -NHCONHCH,CH, 


aqueous sodium bicarbonate to the corresponding indolizine (XI). The 
indolizines in solution were unstable in light, especially when in chloro- 
form. 


A mechanism for the Chichibabin-Stepanow synthesis was postulated 
earlier (35). Nitration of 2-phenylindolizine derivatives (XI) was ac- 
complished with nitric acid (d = 1.4) in the presence of concentrated 
sulfuric acid a t  0' (36). The mechanism by which 2-phenylindolizines 
are nitrated was recently discussed (37). The orientation of the nitro 
group appears to depend on the reagent and experimental conditions. 
Nitration of indolizines in a mixture of nitric and sulfuric acid occurs at  
the 1-position (361, but nitration in acetic anhydride occurs at  the 3- 
position (38). Thus, in acetic anhydride, it is presumably the free indol- 
izine which is nitrated a t  the position commonly susceptible to electro- 
philic attack. With nitric or sulfuric acid as the solvent, 1-nitration pre- 
dominates because the attached species is a 3-protonated indolizine. UV 
studies show that indolizines are almost completely protonated a t  the 
3-position (39). 


The first step of the proposed mechanism (Scheme 11) for the nitration 
of indolizines using a nitric and sulfuric acid mixture is protonated a t  the 
3-position (XIV). Protonation blocks position 3 from further electrophilic 
attack. The second step is the nitronium ion attack at  the 1-position, 
forming 1-nitroindolizinium cation (XV). In the presence of a base, proton 
removal occurs, yielding compound XVII. With excess nitronium ions, 


0 Y 


+ Br-CH2-C 


VIII IX 


n r  V 
heat 


NaHCO, 
Br- CH-C 0 X 


X 


XI 
/ 


XI1 I 
NO, 


XI11 
Scheme I-Synthesis of nitro-2-phenylindolizine. 
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G C H ,  


+ 'CH,-C 
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Table 11-Pyridinium Bromides 


Compound Melting Percent 
Number X Y Point Yield Formula 


Xa H H 215-216' I 0  C14H14BrNO 
Xb Br H 185-186' 21 Cd13BrzNO 


62 C I ~ H I ~ B ~ Z N O  


Xe H c1 221-228' 58 C14H13BrCINO 
OCH3 H 140-141 ' 84 CI~HI~BTNOZ 
H OCH3 185-186' 75 C I ~ H I ~ B ~ N O Z  


Xf 


CH3 H 183-185' 54 CISHIGB~NO 
H CH3 195-197' 60 C15H16BrNO 


xc H Br 250-251" 
xd C1 H 145-148' 33 C~QHI~BICINO 


32 
Xi 


further nitration can occur a t  position 3, forming 1,3-dinitroindolizinium 
cation (XVI). In a basic environment, proton removal occurs giving 
compound XVIII. 


The nitro derivatives XI;, XVIIa-f, and XVIIIa-f used in this study 
were purified by alumina-column chromatography and preparative TLC. 
They rapidly turned green if not protected from air and sunlight. In some 
situations the reaction mixture contained both the 1-nitro (XII) and 
1,3-dinitro indolizine (XIII); in others only the 1,3-dinitroindolizine 
(XIII) could be isolated. Because the compounds did not exhibit the 
desired biological activity, no attempt was made to improve yields. 


Biological Results-Compounds XI;, XVIIa-f, and XVIIIa-f were 
evaluated in oitro for antibacterial activity against Gram-negative 
Escherichia coli and Gram-positive Staphylococcus aureus bacteria. 
A preliminary disk-agar diffusion test was done using nitrofurazonel and 
chloramphenicoll as standards. None of the test compounds exhibited 
any antimicrobial activity against the organisms tested. Negative results 
were also obtained when the indolizine was placed directly onto the test 
agar. 


EXPERIMENTAL 


Antimicrobial Evaluation-The bacteria used were Gram-negative 
E.  coli and Gram-positive S. aureus2. Before antimicrobial testing, the 
compounds in solution were sterilized using a fritted-glass filtering disk3 
(40). 


The disk-agar diffusion method following the Kirk-Bauer procedure 
(41) was used for preliminary testing. The basic concept is that  the size 
of the zone of inhibition correlates with the antimicrobial activity of the 
agent being tested. 


The standard procedure requires the use of a special agar for suscep- 
tibility testing of' microorganisms4 and a standard inoculum applied in 
a potency for each of the chemotherapeutic agents being tested. 


The experimental disks5 were placed in a methanol solution containing 
varying amounts of the indolizine and then were air dried and placed on 
the top of the agar. The pure compounds (5 mg) were also placed directly 
on the top of the agar. Disks previously soaked in methanol and then air 
dried were used as blanks. 


Chemistry-Melting point values were determined using an open 
capillary melting point apparatus6 and are uncorrected. The NMR 
spectrometer7 was used with tetramethylsilane as an internal standard 
and deuterated chloroform as a solvent. IRs and UV9 spectra were re- 
corded on suitable double-beam spectrophotometers. Mass spectra were 
obtained with a single-focusing magnetic mass spectrophotometer 
equipped with a data recording systemlo. Elemental analyses were per- 
formed by high-resolution mass spectrometry11. 


Analytical TLC plates were precoated with silica geP .  The preparative 


Sensi-Disc, microbial susceptibility test discs, BBL, Cockeysville, Md. 
2 From a collection maintained by Oregon State University, Departments of 


Pyrex &and chemical glass #774, UF Porosity, Corning Glass Works, Corning, 


4 Mueller-Hinton agar, Difco Laboratories, Detroit, Mich. 
No. 740-E, Schleicher & Schuell, Keene, N.H. 


ti Thomas-Hoover. 
7 Varian Anaspect EM 360. 


Perkin-Elmer model 727. 
Beckman model DB-GT. 
System Industries 150. 
High resolution mass spectrometer CEC-BIB-110. Instrument set at 70 eV. 


Analyses were done at the Department of Chemistry, University of Oregon, Eugene, 
Ore. 


Microhiolo y and Food Science and Technology. 


N.Y. 


l2 Silica gel 60 F-254, EM reagents. 


TLC plates were coated with silica gel13 (20 X 20 cm, 2 mm). The three 
methylene chloride-hexane developing systems used were A (1:3), B (1:1), 
and C (3:l). Spots were visualized with UV light a t  254 nm. The purity 
of each compound was confirmed in each of the TLC systems and in a 4% 
acetonitrile high-pressure liquid chromatography (HPLC) system1* using 
a persilated octadecylsilane column15. All compounds gave spectral data 
consistent with the proposed structure. 


The necessary phenacyl bromides were prepared by bromination of 
the corresponding acetophenone in methanol (42). 


Synthesis of m-Substituted 2-Phenylindolizines (Table 1)-A 
typical synthesis will be described for 2-(m-methylphenyl)indolizine 
(XIi). 3'-Methylacetophenone (3.4 g, 0.025 mole) was diluted with 10 ml 
of anhydrous methanol in a 25-ml triple-necked flask. Bromine (4.0 g, 
0.025 mole) diluted in 2.5 ml of anhydrous methanol was added dropwise 
for 10 min. If the reaction mixture became clear, more bromine was added 
until a dark red color persisted. After 30 min of stirring, the mixture was 
poured into a beaker containing chipped ice. The resulting crystals were 
washed several times with cold water. (When the substituted phenacyl 


*R H2S0 , /HN0,  *@+R 


H H H  


XI XIV 


-H+ NO: I 
H' 'NO, B 
XVI xv 


i 
R 


NO, H 


XVIII XVII 
Scheme II-Mechanism of nitration for indolizines 


l3 Silica gel PF-254 + 366, EM reagents. 
l4 Model ALC/GPC 201 liquid chromatograph, model M 6000A pump, model 


l5 Corasil CIS, Waters Associates, Milford, Mass. 
U-6K injector, Waters Associates, Milford, Mass. 
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Table 111-Nitroindolizines 


Compound X Y R I  R3 M.P. 
Percent 


Yield Formula 
Analysis 


Calc. Found 
a 
a 


a 


- - 
- - 


XVIIIa H H NO:! NO2 245-246" 14 Ci4HsN304 
XIj NO2 H H H 236-237' 50 Ci4HioNzOz 


XVIIU NO2 H NO2 H 235-236" 3 Ci4HsN304 
XVIIb Br H NO:! H 153-155' 3 C14HsBrN:!0zb 315.985 315.985 


360.972 XVIIIb Br H NO2 NO2 265-266" 15 C14H~BrN304~ 
XVIIc H Br NO:! H 174-175O 14 C14Hd+N:!02; 315.985 315.982 


317.022 XVIIIC CI H NO2 NO2 215-216" 3 
XVIId H C1 NO2 H 190-1910 18 Ci4H&lN20fb 272.035 272.033 


XVIIId OCH3 H NO2 NO2 268-269" 2 Ci5HiiN305 313.070 313.067 
XVIIIe H OCH3 NO2 NO2 183-184" 17 CisH1iN&5~ 313.070 313.070 


252.088 XVIIe CH3 H NO2 H 178-179" 5 
XVIIJf CHA H NO:! NO2 235-236' 12 Ci5HiiN304 297.075 297.075 


252.090 XVIIf H CH3 NO:! H 179-180' 5 


- - 


360.970 


Ci4HsC1N304 317.020 


CisH~zNzOz~ 252.090 


Ci5HizNz0zb 252.090 
~ ~ ~~ 


a Reference 36. Empirical formula confirmed by high resolution mass spectrometry". 


bromide was a liquid it was washed in a separator.) The crystalline ma- 
t.erial was transferred to a 50-ml flask and n-picoline (2.25 g, 0.025 mole) 
in 25 ml of anhydrous methanol was added. The solution was refluxed 
for 30 min. A precipitate formed, which was filtered and washed with cold 
water and recrystallized from hot ethyl acetate or ether. The white 
crystalline solid was then placed in a 50-ml round-bottom flask containing 
sodium bicarbonate (2.10 g, 0.025 mole) in 25 ml of water. The mixture 
was refluxed for 10 min. The resulting yellow precipitate was filtered, 
washed with water, and recrystallized from ethyl acetate. Yields and 
analytical data are found in Table I. 


Synthesis of Nitroindolizines (Table III)--I ,3-Dinitro-Z-phenyl- 
indolizine ( X  Vllla)-2-Phenylindolizine (XIa) (2.0 g, 10.4 mmoles) 
dissolved in 10 ml (0.155 mmole) of nitric acid (d  = 1.4) was warmed ac- 
cording to Borrows et al. (36) to form green-orange crystals (mp 233- 
238"). The crystals were recrystallized from acetic acid to give 0.40 g (14%) 
of compound XIa as a dark yellow solid: mp 245-246'. Compound XIa 
appeared as one spot when analyzed by TLC (solvent system C, Rf 0.43). 
LJV (CH30H): 220 (log 4.27), 252 (4.04), 300 (3.85), and 355 (4.25) nm; 
mass spectrum: m/z 283 (M+, 100%). 


-"-(p-Nitrophen.Y//l)indoliz~ne (Xfj)-Nitric acid (d = 1.4; 0.35 ml, 5.43 
mmoles) was added dropwise over a 5-min period to an ice-cold stirred 
solution of 0.50 g (2.59 mmoles) 2-phenylindolizine (XIa) in concentrated 
sulfuric acid (36). A yellow-brown precipitate (0.40 g) was formed and 
recrystallized first from acetonitrile, and then acetone-charcoal yielding 
0.30 g (50%) 2-(p-nitrophenyl)indolizine (XIb); mp 236-237', which 
appeared as one spot when analyzed by TLC (solvent system B, Rf 0.43). 
IJV (CH30H): 240 (log 3.53, 300 (2.93), and 340 (3.15) nm;'mass spec- 
trum: mlz 238 (M+, 100%). 


Z-Nitro-a-(p-nitrophenyl)indo(izine (XVlfa)-Nitric acid (d  = 1.4; 
0.8 ml, 12.4 mmoles) was added dropwise over 5 min to an ice-cold stirred 
solution containing 2.0 g (8.40 mmoles) of 2-(p-nitrophenyl)indolizine 
(XIj) in 2.0 ml of concentrated sulfuric acid (36). A green-yellow pre- 
cipitate was formed and recrystallized from acetonitrile and then from 
acetone with charcoal, yielding 0.07 g (3%) of XVIIa as yellow needles 
(rnp 235-236' dec.). Compound XVIIa appeared as one spot when ana- 
lyzed by TLC (solvent system C, Rf 0.43). UV (CH3OH): 220 (log 4.50), 
and 275 (4.33) nm; mass spectrum: m/z 283 (M+, 100%). 
I-Nitro-2- (p-bromopheny1)indolizine (XVlZb) and 1,3-Dinitro-2- 


p-brtJmophenyl)indolizine (XVfl1b)-Nitric acid (d = 1.4; 0.1 ml, 1.55 
mnioles) was added dropwise over 5 min to an ice-cold stirred solution 
containing 0.35 g (1.29 mmoles) 2-(p-bromophenyl)indolizine (XIb) in 
2.0 ml of concentrated sulfuric acid in a 50-ml round-bottom flask 
equipped with a magnetic stirring bar. The dark red solution was stirred 
for 38 min at  0". The mixture was poured into a beaker containing 20 g 
of crushed ice and yielded 0.30 g of a dark green solid; mp 150-165". The 
precipitate was placed in an alumina column, and compound XVIIIb was 
eluted using a mixture of 1:l hexane-methylene chloride as the eluant. 
The eluate was evaporated under vacuum and the residue was recrys- 
tallized from acetone, yielding 0.012 g (3%) of a dark yellow precipitate 
(mp 153-155' dec.). Compound XVIIb appeared as one spot when ana- 
lyzed by TLC (solvent system C, R! 0.70). UV (CH30H): 214 (log 4.23), 
260 (4.52), and 286 (4.32) nm; mass spectrum: mlz 316 (M+, 95%) and 
318 (M + 2,100%). 


Changing the solvent to methylene chloride-hexane (31)  caused the 
elution of compound XVIIIb. The eluate was evaporated under vacuum 


and yielded 0.05 g (15%) of a light yellow precipitate (mp 265-266' dec.). 
Compound XVIIIb appeared as one spot when analyzed by TLC (solvent 
system C, Rf 0.45). UV (CH30H): 210 (log 4.23) and 236 (4.50) nm; mass 
spectrum: mlz 361 (M+, 89%) and 363 (M + 2,1009'0). 
I-Nitro-2-(m-brom0phenyl)indolizine (X V1Zc)-Nitric acid (d = 1.4; 


0.175 ml, 2.72 mmoles) was added dropwise over 5 min to an ice-cold 
stirred solution of 0.75 g (2.76 mmoles) of 2-(m-bromophenyl)indolizine 
(Xlc) in 10 ml of concentrated sulfuric acid in a 50-1111 round-bottom flask 
equipped with a magnetic stirring bar. The light yellow solution was 
stirred for 38 min at  0'. The mixture was poured into a beaker containing 
20 g of crushed ice and filtered under vacuum using a sintered-filter 
funnel with medium porosity. The red-yellow precipitate was recrystal- 
lized from acetonitrile and yielded 0.12 g (14%) yellow needles (mp 
174-175' dec.). Compound XVIIc appears as one spot when analyzed 
by TLC (solvent system C, R, 0.73). UV (CH30H): 215 (log 4.30), 242 
(4.48), and 295 (4.17) nm; mass spectrum: m/z 191 (l00%), 316 (M+, 48%), 
and 318 (M + 2,52%0). 


I ,3-Dinitro-2- (p-chlor0phenyl)indolizine ( X  VZ1lc)-Nitric acid (d  
= 1.4; 0.175 ml, 2.72 mmoles) was added dropwise over 10 min to an ice- 
cold stirred solution containing 0.65 g (2.86 mmoles) of 2-(p-chlorophe- 
ny1)indolizine (XId) in 10 ml of concentrated sulfuric acid in a 50-ml 
round-bottom flask equipped with a magnetic stirring bar. The mixture 
turned light yellow immediately and turned dark red after the addition 
of the final 0.05 ml of nitric acid. 


The solution was stirred for 38 min, keeping the temperature at  0". The 
mixture was poured into a sintered-filter funnel containing 20 g of crushed 
ice. After washing the filter with cold water several times, 0.30 g of a 
green-yellow precipitate (mp 130-145') was recovered. The solid was 
placed in an alumina column and eluted with a mixture of 3:l methylene 
chloride-hexane. The eluate was evaporated under vacuum. The 
green-yellow precipitate was recrystallized from acetonitrile and yielded 
0.030 g (3%) yellow crystals (mp 215-216' dec.). Compound XVIIIc ap- 
peared as one spot when analyzed by TLC (solvent system C ,  R/ 0.43). 
UV (CH30H): 235 (log 4.37) nm; mass spectrum: m/z 272 (100%) and 317 
(M+,25.2%). 


I-Nitro-Z-(m-chlorophenyl)indolizine (XVlld)-Nitric acid ( d  = 
1.4; 0.08 ml, 1.24 mmoles) was added dropwise over 5 min to an ice-cold 
stirred solution containing 0.30 g (1.32 mmoles) 2-(m-chlorophenyl)- 
indolizine (XIe) dissolved in 2.0 ml of concentrated sulfuric acid. The 
light yellow solution was stirred for 38 rnin at  0'. The mixture was poured 
in a beaker containing 20 g of crushed ice. A red precipitate formed at  
once. The suspension was adjusted to pH 10.5 by adding 20% KOH so- 
lution. A bright yellow precipitate (0.3 g, mp 150-165' dec.) was recov- 
ered. The precipitate was recrystallized from acetonitrile and yielded 0.07 
g (18%) of yellow needles (mp 190-191' dec.). Compound XVlId ap- 
peared as one spot when analyzed by TLC (solvent system B, R f  0.49). 
UV (CH30H): 215 (log 4.29), 242 (4.46), and 295 (4.15) nm; mass spec- 
trum: mlz 227 (100%) and 272 (M+, 25%). 


I ,3-Dinitro-2-(p-methoxyphenyl)indolizine ( X  VZIZd)-Nitric acid 
(d  = 1.4; 0.1 ml, 1.55 mmoles) was added dropwise over 5 min to an ice- 
cold stirred solution containing 0.33 g (1.48 mmoles) of 2-(p-methoxy- 
pheny1)indolizine (XIf) dissolved in 2.0 ml of concentrated sulfuric acid 
in a 50-ml round-bottom flask equipped with a magnetic stirring bar. The 
reddish-brown mixture was stirred for 38 min a t  0". The solution was 
poured into a beaker containing 20 g of crushed ice and basified to pH 
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10.5 by adding 20% KOH solution. A yellow precipitate (0.40 g, mp 
160-165’) was recovered. The precipitate was placed in an alumina oxide 
column and eluted with a mixture of methylene chloride-hexane (3:l). 
The eluate was evaporated under vacuum apparatus and yielded 0.010 
g (2.2%) yellow crystals (mp 268-269’). Compound XVIIId appeared as 
one spot when analyzed by TLC (solvent system C, Rf 0.43). UV 
(CHBOH): 210 (log 3.43) and 234 (3.72) nm; mass spectrum: m/z 313 (M+, 
100%). 


1,3-Dinitro-2- (m-metho~yphen~vl)indolizine (XVIIIe)-Nitric acid 
(d  = 1.4; 0.1 ml, 1.55 mmoles) was added dropwise over 5 min to an ice- 
cold stirred solution containing 0.33 g (1.4 mmoles) 2-(m-methoxyph- 
eny1)indolizine (XIg) dissolved in 2.0 ml of concentrated sulfuric acid 
in a 50-ml round-bottom flask equipped with a magnetic stirring bar. The 
orange-yellow solution was stirred for 38 rnin a t  0’. The mixture was 
poured into a beaker containing 20 g of crushed ice and basified with 20% 
KOH solution until pH 10.5. The yellow precipitate (0.14 g, mp 130-145” 
dec.) was recrystallized from acetonitrile and yielded 0.08 g (17%) rust-red 
needledmp 183-184’ dec.). Compound XIj appeared as one spot when 
analyzed by TLC (solvent system C, Rf 0.66). UV (CH30H): 220 (log 
4.25), 236 (4.39), 290 (4.07) nm; mass spectrum: m/z 69 (100%) and 314 
(M+,95.5%). 


l-Nitro-2-(p-methylphenyl)indolizine (XVlIe) and 2,3-Dinitro- 
2-(p-methylphenyl)indolizine (XVIIlf)-Nitric acid (d = 1.4; 0.1 ml, 
1.55 mmoles) was added dropwise over 5 min to an ice-cold stirring so- 
lution containing 0.30 g (1.44 mmoles) 2-(p-methylphenyl)indolizine 
(XIh) dissolved in 2.0 ml of concentrated sulfuric acid in a 50-ml 
round-bottom flask equipped with a magnetic stirring bar. The dark 
yellow solution was stirred for 38 min a t  0’. The mixture was poured into 
a beaker containing 20 g of crushed ice and adjusted to pH 10.5 by adding 
20% KOH solution. The yellow suspension was filtered using a sin- 
tered-glass funnel and the yellow precipitate was dried overnight in a 
vacuum desiccator (0.36 g. mp 130-145’ dec.). The precipitate was re- 
crystallized from acetonitrile and then acetone. A greenish-yellow pre- 
cipitate (0.12 g, mp 160-195’) was recovered. The solid was purified in 
an alumina oxide column using 1:3 methylene chloride-hexane. The fil- 
trate was evaporated under vacuum. TLC using solvent system C showed 
two spots: starting material XIh (Rf 0.80) and compound XVIIe (Rf 0.67). 
The nitroindolizine XVIIe was separated by preparative TLC with sol- 
vent system B. The yellow band (R f  0.53) was scraped off the plate and 
extracted with acetone. Yellow crystals were recovered yielding 0.02 g 
(5%), mp 178-179’ dec. UV (CH30H): 210 (log 4.08), 255 (4.561, and 280 
(4.22) nm; mass spectrum: m/t 252 (M+, 100%). 


Further elution of the column using 1:l methylene chloride-hexane 
followed by a more polar 31 mixture yielded 0.05 g (12%) of a bright 
yellow compound (mp 235-236’ dec.). Compound XVIIIj appeared as 
one spot when analyzed by TLC (solvent system C, Rf 0.38). UV 
(CH30H): 235 (log 4.40) and 265 (4.04) nm; mass spectrum: m/z 297 (Mt, 
100%). 


I-Nitro-2- (m-methylpheny1)indolizine (XVI1f)-Nitric acid (d  = 
1.4; 0.1 ml, 1.55 mmoles) was added dropwise over 5 min to an ice-cold 
stirred solution containing 0.30 g (1.44 mmoles) of 2-(m-methylphenyl)- 
indolizine (XIi) dissolved in 2.0 ml of concentrated sulfuric acid in a 50-ml 
round-bottom flask containing a magnetic stirring bar. The light yellow 
mixture was stirred for 38 min a t  0’ and poured into a beaker containing 
20 g of crushed ice. The solution was adjusted to pH 10.5 by adding 20% 
KOH. The yellow suspension was filtered using a sintered-filter funnel. 
The yellow precipitate was dried overnight under vacuum. The compound 
(0.33 g, mp 100-125’ dec.) was recrystallized from acetonitrile and then 
acetone, yielding 0.03 g (mp 160-165’ dec.) greenish-yellow crystals. TLC 
using solvent system C showed two spots; one from the starting material, 
XIi ( R f  0.86) and the other from compound XVIIf ( R f  0.69). The nitro 
derivative was purified by preparative TLC using solvent system B. The 
yellow band ( R f  0.66) was scraped off from the plate and placed in a 
Hirsch funnel. The silica gel was washed several times with acetone until 
all yellow color disappeared. The filtrate was concentrated under vacuum 
yielding 0.02 g (5%) sparkling yellow crystals (mp 179-180’ dec.), which 
turned light green immediately on contact with air. UV (CH30H): 210 
(log 4.07), 240 (4.39), 294 (4.061, and 350 (4.07); mass spectrum: m/z 252 
(M+, 100%). 
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Abstract  A series of even numbered normal alkyl ethers (C-Cl4) of 
p-N,N-bis(2-chloroethyl)aminophenol were synthesized and evaluated 
as to acute toxicity in mice and effects on survival in L-1210 leukemic 
mice. All of the ether derivatives demonstrated significantly lower acute 
toxicity than the parent phenol mustard. Significant survival times 
(2125%) were obtained with all compounds except the hexyl derivative. 
The decyl ether produced the greatest significant increase and the ethyl 
ether the lowest significant increase in mean survival time. Significant 
survival times were produced at  four dosage levels for the butyl, decyl, 
and dodecyl derivatives, three dosage levels for the octyl and tetradecyl 
derivatives, and one dosage level for the ethyl derivative. 


Keyphrases Alkyl ethers-synthesis of alkyl ethers p-N,N-bis(2- 
chloroethy1)aminophenol Bioevaluation-alkyl ethers of p-N,N- 
bis(2-chloroethyl)aminophenol, toxicity in HA/ICR mice Antitumor 
activity-alkyl ethers of p-N,N-bis(2-chloroethyl)aminophenol, survival 
in L-1210 leukemic mice 


Phenol mustard, p -  [N,N-bis(2-chloroethyl)amino]- 
phenol, has demonstrated a low therapeutic index (1). Less 
toxic derivatives of phenol mustard have resulted from the 
synthesis of various esters of the phenol (1-3). 


CH,-CH, 
‘0’ 


Ho+NH, - 
/CHZ-cHZ-oH 1) KOH - 


HO+N ‘cH,-CH,-OH 2) R-Br 


I 


/CH,-CH,-OH 1) soc1, 


R 0 - O - N  ‘cH,-CH,-OH 2, NaoH(ag)/ether 


I1 
,CHzCH2CI 


Ro N h H , C H 2 C I  
I11 


IIu, IIIu: R = CH,-CH,- 
IIb, IIIb: R = CH3-(CH2),4H2- 
IIc, IIIc: R = CH3--(CHz)4-CHz- 
IId, IIId: R = CH3-(CHz)6-CHz- 


IIf, IIIf: R = CH,-(CH,), o--CH2- 
I&, IIIg: R = CH3-(CH2),2-CHz- 


Scheme I 


He, W e :  R = CH3-(CH2)8-€Hz- 


In an effort to develop latent derivatives of phenol 
mustard, a series of its substituted benzoate esters were 
studied (1). The results lent support to the hypothesis that 
hydrolysis of esters of p -  [N,N-bis(2-chloroethyl)amino]- 
phenol to the free phenol mustard is a necessary step for 
antitumor activity (1). The effectiveness of aniline mus- 
tard, N,N-bis(2-chloroethyl)aniline, in the treatment of 
advanced plasma cell tumors has been demonstrated (4). 
The results indicated that aniline mustard was the opti- 
mally active compound in this system, and only those 
compounds that could be metabolized to a phenolic mus- 
tard demonstrated activity. 


A series of alkyl ethers of phenol mustard should provide 
potentially latent nitrogen mustard derivatives with 
variable metabolic routes (5,6). Such compounds would 
be expected to demonstrate antineoplastic activity with 
a reduction in host toxicity. In addition, lipophilicity would 
increase with the length of the alkyl chain. The specific 
objectives of this investigation were to: ( a )  synthesize a 
series of even-numbered, normal alkyl ethers (C2-CI4) of 
p -  [N,N-bis(2-chloroethyl)amino]phenol, ( b )  determine 
the acute toxicity as measured by the LD50 for each com- 
pound studied, and ( c )  determine the effect of each com- 
pound on the prolongation of life of L-1210 leukemic 
mice. 


The compounds evaluated in this project were synthe- 
sized using Scheme I. 


EXPERIMENTAL 


Chemistry1--p-N,N-Bis(2-hydroryethyE)aminophenol (I)-Twenty 
grams (0.18 mole) of p-aminophenol was added to a flask containing 200 
ml of absolute methanol and equipped with a reflux condenser. The so- 
lution was stirred mechanically until dissolution occurred and then was 
cooled to 0’. Twenty grams (0.45 mole) of ethylene oxide was added to 
the cold reaction mixture. Stirring was continued and the reaction was 
allowed to reach room temperature. The resulting crystals were filtered 
and recrystallized from ethanol. The product had a melting point of 
139.5-141’ compared with the reported value of 140’ (7). 


All IR spectral data were obtained from chloroform solutions of the derivatives 
on sodium chloride plates using a Beckman Model Acculah-4 spectn,photometer. 
Nuclear magnetic resonance spectra were obtained from deuterated chlorofurm 
solutions of the derivatives nsing a Hitachi-Perkin-Elmer model R-24 high reso- 
lution spectrometer with tetramethylsilane as the internal standard. The reported 
melting points were obtained using a Thomas Hoover capillary melting point ap- 
paratus and are uncorrected. The reported content of hydrogen, carbon. and ni- 
trogen were obtained from analyses performed by Galhrait h Lahoratories, ICnox- 
ville, Tenn. All lyophilization was accomplished using a VirTis Model 10 freeze- 
dryer. 
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Abstract 0 A method for quantitating phencyclidine in the blood serum 
of rhesus monkeys with a solvent extraction procedure followed by gas 
chromatography with nitrogen-phosphorous detection is reported. 
Phencyclidine was extracted with ether from 0.5 ml of serum (pH 13.5) 
made basic with 2M NaOH, followed by back-extraction into 0.5 M sul- 
furic acid. After the addition of 2 M sodium hydroxide, phencyclidine 
was extracted into a small volume of ether for concentration and injection 
into the gas chromatograph. The limit of quantitation of phencyclidine 
in serum was 5 ng/ml. Recovery averaged 51.9 f 4.3%. Standard curves 
were linear between 5-50 nglml and 100-2000 ng/ml. Comparison be- 
tween serum and aqueous standards indicated no interference by serum 
components in the extraction procedure. Pentobarbital, caffeine, and 
the monohydroxy metabolites of phencyclidine did not interfere with 
the analysis. This procedure is a rapid and sensitive method for deter- 
mination of serum phencyclidine levels in animal studies requiring 
analysis of large numbers of samples. 


Keyphrases 0 Phencyclidine-analysis using gas chromatography with 
nitrogen-phosphorous detection, rhesus monkey blood serum 0 Gas 
chromatography-nitrogen-phosphorous detection of phencyclidine in 
rhesus monkey blood serum Drugs of abuse-phencyclidine, analysis 
using gas chromatography with nitrogen-phosphorus detection, rhesus 
monkey blood serum 


The popularity of phencyclidine [1-(1-phenylcyclo- 
hexy1)piperidinel as a drug of abuse has stimulated interest 
in determination of the drug in body fluids (1,2). Persons 
who have ingested phencyclidine (I) often show signs of 
intoxication even when serum levels are low (10 ng/ml) (3). 
TLC methods and qualitative, presumptive tests which 
indicate the presence, but not the concentration, of I in 
biological matrixes were reported previously (4,5). 


Spectrophotometric quantitation of I after solvent ex- 
traction of specimen suffers from the lack of adequate 
detection limits (4). Homogeneous enzyme immunoassays 
for I in urine show cross-reactivity with analogs and inac- 
tive metabolites of I (6, 7). Radioimmunoassay for I in 
plasma is sensitive enough for quantitation at plasma levels 
of -1 ng/ml (8-lo), but some cross-reactivity (2-5%) is 
seen with hydroxylated metabolites of I in two of these 
radioimmunoassay procedures (9,lO). 


Investigation of an ion-selective electrode for I indicates 
that potentiometric analysis may provide adequate spec- 
ificity for the parent drug (11). The reported sensitivity 
of this electrode is poor compared with radioimmunoassay 
or gas chromatographic (GC) methods. Preconcentration 
of sample could possibly lower detection limits; however, 
this has not been evaluated for use with the phencycli- 
dine-selective electrode. 


BACKGROUND 


Numerous GLC assays have been used for separation of phencyclidine 
in biological matrixes. Flame-ionization detection after GC separation 
of serum extracts cannot provide sufficient sensitivity (4,12, 13). GC with 
mass spectrometry lowers detection limits to as little as 5 ng of Ilml in 
plasma, whole blood, and urine (14-18). Analytical procedures using GC 
with nitrogen-phosphorous detection provide sensitivity comparable 
to mass spectrometry (3, 19,20). However, the solvent extraction pro- 


cedures reported for sample cleanup prior to separation and subsequent 
quantitation by nitrogen-phosphorous detection are too laborious for 
rapid processing of many specimens, or require a larger volume of spec- 
imen than is available in studies with small animals. 


The analytical procedure reported here combines a rapid extraction 
procedure for 0.5 ml of blood serum with GC separation and nitrogen- 
phosphorous detection. This method is particularly useful for analyses 
in pharmacokinetic studies of phencyclidine in small animals. 


EXPERIMENTAL 


Apparatus-GC was performed with a gas chromatograph equipped 
with a nitrogen-phosphorous detector'. A 122-cm coiled glass column, 
0.2-cm i.d., was silylated with 2% trimethylchlorosilane in hexane and 
packed with 3% SP-2250-DB on a 100-120 mesh support2. The column 
was conditioned overnight at 250' with a helium flow of 15 ml/min. Gas 
flows were a helium carrier flow of 25 mllmin and a hydrogen flow of 2.5 
ml/min. Air was maintained a t  a constant pressure of 40 psi. Inlet tem- 
perature was 195O, column temperature was 1 8 5 O ,  and the detector 
temperature was 210'. Background current was set a t  4 X lo-" amp. 


Reagents-Phencyclidine hydrochloride and two monohydroxy 
metabolites (4-phenyl-4-piperidinocyclohexanol and 1-(1 -phenylcyclo- 
hexyl)-4-hydroxypiperidine] were obtained from the National Institute 
on Drug Abuse. Melting point determinations3 and electron-impact mass 
spectromet+ were used to confirm identity and purity of the compounds. 
TLC of phencyclidine produced only one spot on silica gel G, 250-fim 
plates5. Plates were developed with chloroform-ethyl acetate-acetone- 
triethylamine (3830302). Spots were visualized by charring with sulfuric 
acid and heat. 


Ketamine hydrochloride6, caffeine7, and pentobarbital sodium8 were 
used as received. Nanograde etherg was distilled in glass each day after 


l r  


0 2 4 6 0 2 4 6  0 2 4 6  
MINUTES 


Figure 1-Chromatograms obtained from extraction and assay of 0.5 
ml of blood serum from a rhesus monkey (A),  from a 0.5-ml serum sample 
spiked with 2.5 ng of phencyclidine and 50 ng of ketamine (B), and from 
0..5 ml of serum obtained from a 6.7-kg male rhesus monkey 1.5 hr after 
intravenous administration of I .6 mg of phencyclidinelkg ((2). Esti- 
mated concentration of phencyclidine (a) was 75.4 nglml. The  con- 
centration of ketamine (b) was I00 nglml. 


Tracor model S60 eauiooed with a model 702 nitroeen-ohosDhorous detector. - . .  
Tracor Instruments, Au&,'TX 78721. 


Supelco, Bellefonte, PA 16823. 
Capillary melting point apparatus, Arthur H. Thomas Co., Philadelphia, 


Pa. 
Dupont model 21-491 mass spectrometer. 
Analtech, Newark, DE 19711. 
Warner-Lambert Co., Ann Arbor, MI 48105. 
Sigma Chemical Co., St. Louis, MO 63178. 
Robinson, San Francisco, CA 94107. 


9 Mallinckrodt, St. Louis, MO 63147. 
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Table I-Phencyclidine Recovery from Serum Standards lO0.Or 
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Phencyclidine Concentration, Mean Recoveryo f SD,  
ng/ml % 


4.9 53.7 f 15.3 
9.8 50.5 f 4.2 


48.9 59.5* 3.5 
97.8 49.1 f 1.2 


489.0 51.2 f 4.2 
978.0 47.5 f 2.0 


a Average of six determinations. 


ice-acetone bath. The organic layer was discarded, and the aqueous layer 
was allowed to return to room temperature. The aqueous layer, 0.5 ml 
of 2 M NaOH, and 250 pl of distilled ether were vortexed together for 30 
sec and centrifuged for 1 min. After the aqueous phase was frozen in dry 
ice-acetone, the ether layer was decanted into a conical vial. A small 
amount of anhydrous potassium carbonate was added to each sample to 
remove residual moisture. The ether layer was allowed to evaporate to 
a volume of 10-50 pl. One to five microliters of the sample was injected 
into the gas chromatograph. After every six injections, a 30-min wait was 
necessary to allow slow-eluting compounds to be eliminated from the 
column. 


A calibration curve was constructed by plotting peak height ratio of 
phencyclidine to  internal Standard against the phencyclidine concen- 
tration. Serum standards were prepared by addition of appropriate ali- 
quots of aqueous phencyclidine solutions (50 ng/ml, 0.5 pglml, or 5 pg/ml) 
to 0.5 ml of blank serum obtained from dogs or rhesus monkeys. Standard 
concentrations ranged from 5 to 2000 ng/ml. Standards were extracted 
and assayed in the same manner as the samples. Standards were also 
prepared in deionized water and treated identically to serum standards 
to determine if serum components affected extraction or quantitation 
of phencyclidine or internal standard. 


Recovery of Phencyclidine-Serum standards containing either 4.9, 
9.8, 48.9, 97.8, 489.0, or 978.0 ng of phencyclidine/ml and no internal 
standard were extracted by the same procedure. The final ether extracts 
were allowed to evaporate to dryness and then reconstituted with 10-100 
pl of ethyl acetate containing 2 pg of ketamine/ml. One to five microliters 
was injected into the gas chromatograph. Peak height ratios of phency- 
clidine to ketamine were compared with those ratios obtained from ethyl 
acetate solutions containing 1 or 5 pg of phencyclidine/ml and 2 pg of 
ketamine/ml. 


A profile of phencyclidine recovery versus pH of an aqueous solution 
was constructed. The pH was adjusted with either sulfuric acid or sodium 
hydroxide solutions. Phencyclidine was present in a concentration of 50 
ng/ml. One milliliter of aqueous solution and 2 ml of ether were vortexed 
for 60 sec and centrifuged a t  3000 rpm for 2 min. The ether layer was 
decanted into a conical vial after freezing the aqueous layer in a dry 
ice-acetone bath. After evaporation of the ether, samples were recon- 
stituted and treated as already described. 


Interference by Other  Compounds-Fifty microliters of 1 mg/ml 
methanolic pentobarbital sodium or caffeine solution was added to 1 ml 
of deionized water. Methanolic solutions of the two monohydroxy me- 
tabolites were used to prepare urine samples containing 1 mg/ml of each 
metabolite. The resulting samples were extracted and quantitated by the 
same procedure used for serum to  check for interference with phency- 
clidine or ketamine peaks. 


RESULTS AND DISCUSSION 
Figure 1 shows representative chromatograms for a serum blank from 


a male rhesus monkey, a serum blank spiked with phencyclidine, and 
Table  11-Summary of Linear Regression Analysis of Composite 
Standard Curves fo r  Phencvclidine in  Serum or Water a 


Standard 
Error 


Standard Correlation of the 
Curve Eauation Coefficient Estimate 


Serum, 5-50 ng/ml y = 0 .013~  - 0.005 0.993 0.024 
Serum, 100-2000 .y = 0.014~ - 0.613 0.999 0.348 


ng/ml 


ng/ml 


n d m l  


Water, 5-50 y = 0.014~ - 0.005 0.996 0.020 


Water, 100-2000 y = 0.014~ + 0.262 0.999 0.112 


No significant difference between equations for serum and water exists. 
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Table 111-Day-to-Day Coefficient of Variation in Peak Height 
Ratios for Phencyclidine Serum Standards 


Coefficient 
of 


Standard Concentration, Number of Variation, 
ng/ml Determinations % 


4.9 5 8.3 
9.8 5 9.0 


14.7 3 6.3 
19.6 1 
48.9 9 4.2 
97.8 6 5.5 


489.0 5 3.0 
685.0 4 8.9 
978.0 4 15.7 


1958.0 2 8.4 


- 


serum obtained 1.5 hr after administration of a 1.6 mg/kg iv dose of 
phencyclidine to a 6.7-kg male rhesus monkey. Retention times of 
phencyclidine and internal standard are 3.6 and 4.7 min, respectively. 
Chromatography of phencyclidine and ketamine a t  185” produced good 
resolution of the two peaks ( R  = 1.5, 99.7% resolution). Reducing the 
temperature below 185’ produced peak broadening. The lower viscosity 
of the stationary phase of the SP-2250-DB packing relative to 3% OV-17 
allowed operation a t  lower column temperatures, thus preventing the 
thermal degradation of phencyclidine to 1-phenylcyclohexene (16). The 
chromatogram of the serum blank shows two unidentified peaks eluting 
at  2.3 and 2.7 min. These peaks do not interfere with the analysis. How- 
ever, small interfering peaks (not evident in this chromatogram) with 
retention times of 3-5 min were seen with some serum samples. This 
serum background limited quantitation of phencyclidine in rhesus 
monkey serum to -5 ng/ml. 


Application of this extraction and quantitation technique to human 
serum’” or plasma” resulted in a frequent appearance of interfering peaks 
with retention time of 4-5 min. This interference could not be assigned 
to pentobarbital, which produced no interfering peaks in the chromato- 
gram, or to caffeine, which produced a peak a t  6 min. Extraction and 
quantitation of the monohydroxy phencyclidine metabolites produced 
a broad peak at  12 min. Human serum obtained with evacuated collection 
tubes12 suitable for trace analysis did not exhibit these large interfering 
peaks in the chromatogram. This suggests that the interferences seen with 
serum and plasma extracts might be artifacts of collection or storage. 
GC-mass spectrometry of extracts containing the interfering substance 
indicated that it is a basic compound with a probable molecular ion a t  
m/z 86. Further studies are planned to elucidate the structure of this 
substance. 


Hexane and ethyl acetate, as well as ether, were initially evaluated as 
extracting solvents, since they contained few impurities which interfered 
with nitrogen-phosphorous detection. However, hexane produced 
emulsification upon vigorous mixing with serum. The less volatile ethyl 
acetate (relative to ether) increased the time required to concentrate the 
final extract. 


The percent recovery of phencyclidine from aqueous solutions of 
varying pH values is shown in Fig. 2. Maximum recovery was 95% a t  pH 
13.5. The single extraction step used in these determinations was not 
adequate to produce a serum extract free from interference; therefore, 
phencyclidine was back-extracted into 0.5 M sulfuric acid. Virtually 100% 
of the phencyclidine should partition into the aqueous layer a t  this pH 
(pH < 1) (Fig. 2). Final extraction of phencyclidine from a basified 
aqueous phase into as small a volume of ether as practical (250 pl) reduced 
the time required to concentrate the final extract. The average recovery 
of phencyclidine from serum standards was 51.9 f 4.3% after the neces- 
sary back-extraction steps (Table I). 


Linear relationships were found between peak height ratio and 
phencyclidine serum concentration for concentrations from 5-50 and 


lo Supplied by the Texas State Health Department, Austin, Tex. 
‘I  Supplied b: the Travis County Blood Rank, Austin, Tex. 
l2 “Blue-top, siliconized Vacutainer with no additives, Becton-Dickinson, 


Rutherford. Nd 07070. 


100-2000 ng/ml. Above 2000 ng/ml, detector response was no longer 
linear. The least-squares regression equations are shown in Table !I. 
Statistical analyses (21) indicated no significant difference ( p  = 0.01) 
existing between serum and aqueous standard curves a t  all concentra- 
tions. Thus, serum components do not appear to affect the extraction and 
quantitation procedures. Within-day coefficients of variation in peak 
height ratios ( n  = 6) for the 48.9 and 489.0 ng/ml standards were 3.9 and 
1.6%, respectively. The day-to-day variation in peak height ratios is 
presented in Table 111. The coefficient of variation is <lo% for all but the 
978.0 ng/ml standard. The day-to-day coefficient of variation averaged 
7.7% over all concentrations. 


Serum phencyclidine levels after administration of a 1.6 mg/kg iv dose 
to a rhesus monkey are shown in Fig. 3. The animal was fasted overnight 
prior to receiving the dose. After 12 hr, no detectable levels of phency- 
clidine were present in the serum. The biological half-life, calculated after 
computer fit of the data to a biexponential equation, was 2.1 hr, which 
agrees with phencyclidine half-lives in rhesus monkeys reported earlier 
(14). This rapid extraction procedure, combined with satisfactory de- 
tection limits provided by GC with nitrogen-phosphorous detection, is 
advantageous in animal studies involving numerous small serum samples. 
In addition, this assay procedure deserves further investigation for clinical 
use. 
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EDlTORlA L 


Fulfilling Member Expectations 


For a number of reasons, most of which are not really 
pertinent to this editorial and which would be very com- 
plex to explain in the limited space available here, the 
American Pharmaceutical Association is in the initial 
process of assessing and reassessing the products and 
services that it provides to its membership. Essentially, the 
Association is attempting to  ascertain how well its present 
activities, projects, and products meet the desires and 
needs of today’s pharmacists and of APhA members in 
particular. 


Moreover, this is not always an all-or-none matter. 
Perhaps it is just a case that shifting interests or mem- 
bership orientation calls for expanding a certain activity 
or project; alternatively, for the same reasons, the budget 
and resources involving another area may need to be cut 
back from current levels. But in the case of some projects, 
it may be concluded that a partial reduction is not a suit- 
able remedy, and total elimination may be the only logical 
solution. 


As an illustration, the huge costs associated with 
updating the data base for APhA’s Drug Interactions 
Evaluation Program and the skyrocketing costs of paper 
and printing-coupled with less in the way of clinically 
significant new information and diminishing practitioner 
interest-led the APhA Board of Trustees recently to  
decide against the publication of a complete new edition 
of its Evaluations of Drug Interactions. At the same time, 
however, the Board also directed staff to continue to  ex- 
plore other communication approaches for drug interac- 
tions information, including computerized systems that  
might be more economically viable. 


This incident is not an isolated example of APhA 
changing its approach in providing some member service. 
During the past 10 years, there have been any number of 
such modifications, to wit: in the publications area, the 
Association’s newsletter was doubled in frequency to  be- 
come a weekly, thereby making it a speedier communica- 
tions vehicle; several different approaches were tried with 
regard to supplying news of the Annual Meeting and dis- 
seminating the Association’s Annual Report; mid-year, 
regional, and specialized meetings of each of the Associa- 
tion’s three subdivisions have been sponsored in addition 
to the traditional APhA Annual Meeting; innovative poster 
sessions, audiovisual learning programs, scientific exhibits, 
and assorted other departures from conventional meeting 
formats have been experimented with and largely imple- 
mented; and books, journals, and meetings have all been 
condensed and either severely edited or restructured to  
make them more concise in an  effort to save time and 
money for all concerned. Many of these experiments have 
proven to be highly successful; on the other hand, in a few 


cases the reception has been dismal despite every reason 
to have expected an enthusiastic member reaction. 


Nor has APhA been alone in such efforts and their 
outcome. Other professional, technical, and scientific 
membership societies have been likewise searching for new 
and alternative ways to  meet contemporary membership 
needs and expectations. Although few such groups have 
attempted as many innovations and have been quite as 
daring as APhA in departures from the conventional “tried 
and true,” we believe that each organization in its own way 
strives to satisfy the perceived desires of its members. 


And, as Shakespeare would have put  it, therein lies the 
rub! No survey, no questionnaire, no Gallup poll, or 
whatever, really can tell the organization anything, or give 
it any meaningful guidance, unless the membership has 
a pretty clear idea of what it wants, what it will use, and 
what it is willing to support and pay for. 


Just this past week, this writer received a questionnaire 
from the American Chemical Society, an organization in 
which we have long maintained personal membership. 
Over the years, the ACS has done a conscientious job of 
trying to be responsive to  its membership, and this latest 
questionnaire was largely devoted to  exploring member 
preferences in ACS’s continuing education programs. 


In completing the questionnaire, we were struck by our 
own ambivalent feelings and reactions. When the question 
was asked about our interest in, or desire for, a CE program 
in a new computerized format, we impulsively wanted to 
express our positive reaction. But yet, our own working 
experience in conducting such surveys gave us pause to 
stop and critically ask ourselves the question, “In all 
honesty, would we really order it, pay for it, and use it?” 
And in this case we concluded that  our answer was, “No, 
we really wouldn’t.” 


The message of this editorial is to suggest that all of us 
need to  reflect in a similar fashion when we are asked for 
our opinions by our professional organizations. 


We know for a fact that the officers and staff of APhA, 
as well as its Academy of Pharmaceutical Sciences and the 
other APhA subdivisions, all are making a sincere effort 
to provide meaningful membership services in the most 
cost-effective manner. But  they can only be responsive in 
direct proportion to the accuracy with which the mem- 
bership articulates its true desires and its willingness to 
utilize and pay for those services when they are subse- 
quently offered. 


The best chef in the world can do little to please the 
diner’s palate unless and until the diner selects from the 
menu a specific dish that  will appeal to that particular 
diner. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


Washington, DC 20037 
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Abstract  A series of even numbered normal alkyl ethers (C-Cl4) of 
p-N,N-bis(2-chloroethyl)aminophenol were synthesized and evaluated 
as to acute toxicity in mice and effects on survival in L-1210 leukemic 
mice. All of the ether derivatives demonstrated significantly lower acute 
toxicity than the parent phenol mustard. Significant survival times 
(2125%) were obtained with all compounds except the hexyl derivative. 
The decyl ether produced the greatest significant increase and the ethyl 
ether the lowest significant increase in mean survival time. Significant 
survival times were produced at  four dosage levels for the butyl, decyl, 
and dodecyl derivatives, three dosage levels for the octyl and tetradecyl 
derivatives, and one dosage level for the ethyl derivative. 


Keyphrases Alkyl ethers-synthesis of alkyl ethers p-N,N-bis(2- 
chloroethy1)aminophenol Bioevaluation-alkyl ethers of p-N,N- 
bis(2-chloroethyl)aminophenol, toxicity in HA/ICR mice Antitumor 
activity-alkyl ethers of p-N,N-bis(2-chloroethyl)aminophenol, survival 
in L-1210 leukemic mice 


Phenol mustard, p -  [N,N-bis(2-chloroethyl)amino]- 
phenol, has demonstrated a low therapeutic index (1). Less 
toxic derivatives of phenol mustard have resulted from the 
synthesis of various esters of the phenol (1-3). 
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IIf, IIIf: R = CH,-(CH,), o--CH2- 
I&, IIIg: R = CH3-(CH2),2-CHz- 
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In an effort to develop latent derivatives of phenol 
mustard, a series of its substituted benzoate esters were 
studied (1). The results lent support to the hypothesis that 
hydrolysis of esters of p -  [N,N-bis(2-chloroethyl)amino]- 
phenol to the free phenol mustard is a necessary step for 
antitumor activity (1). The effectiveness of aniline mus- 
tard, N,N-bis(2-chloroethyl)aniline, in the treatment of 
advanced plasma cell tumors has been demonstrated (4). 
The results indicated that aniline mustard was the opti- 
mally active compound in this system, and only those 
compounds that could be metabolized to a phenolic mus- 
tard demonstrated activity. 


A series of alkyl ethers of phenol mustard should provide 
potentially latent nitrogen mustard derivatives with 
variable metabolic routes (5,6). Such compounds would 
be expected to demonstrate antineoplastic activity with 
a reduction in host toxicity. In addition, lipophilicity would 
increase with the length of the alkyl chain. The specific 
objectives of this investigation were to: ( a )  synthesize a 
series of even-numbered, normal alkyl ethers (C2-CI4) of 
p -  [N,N-bis(2-chloroethyl)amino]phenol, ( b )  determine 
the acute toxicity as measured by the LD50 for each com- 
pound studied, and ( c )  determine the effect of each com- 
pound on the prolongation of life of L-1210 leukemic 
mice. 


The compounds evaluated in this project were synthe- 
sized using Scheme I. 


EXPERIMENTAL 


Chemistry1--p-N,N-Bis(2-hydroryethyE)aminophenol (I)-Twenty 
grams (0.18 mole) of p-aminophenol was added to a flask containing 200 
ml of absolute methanol and equipped with a reflux condenser. The so- 
lution was stirred mechanically until dissolution occurred and then was 
cooled to 0’. Twenty grams (0.45 mole) of ethylene oxide was added to 
the cold reaction mixture. Stirring was continued and the reaction was 
allowed to reach room temperature. The resulting crystals were filtered 
and recrystallized from ethanol. The product had a melting point of 
139.5-141’ compared with the reported value of 140’ (7). 


All IR spectral data were obtained from chloroform solutions of the derivatives 
on sodium chloride plates using a Beckman Model Acculah-4 spectn,photometer. 
Nuclear magnetic resonance spectra were obtained from deuterated chlorofurm 
solutions of the derivatives nsing a Hitachi-Perkin-Elmer model R-24 high reso- 
lution spectrometer with tetramethylsilane as the internal standard. The reported 
melting points were obtained using a Thomas Hoover capillary melting point ap- 
paratus and are uncorrected. The reported content of hydrogen, carbon. and ni- 
trogen were obtained from analyses performed by Galhrait h Lahoratories, ICnox- 
ville, Tenn. All lyophilization was accomplished using a VirTis Model 10 freeze- 
dryer. 
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Table I-Physical Data  and Elemental  Analysis fo r  the p-N,N-Bis(2-hydroxyethyl)aminophenyl Alkyl Ethers  


Compound R 
Melting Analysis, % 


Yield, 90 Point Formula Calc. Found 


IIU CH3-CH2- 82 34-35' CizHigN03 C 64.00 63.83 
H 8.44 8.39 
N 6.22 6.33 


66.29 
H 9.09 9.23 
N 5.53 5.43 


IIC CH~-(CH~)~-CHZ- 75 43-44' C i fiH 27N 0 3  C 68.33 68.39 
H 9.61 9.85 


Ci4Hz3N03 C 66.40 IIb CHr-(CHz)z-CHz- 60.5 41-42' 


4.74 N 4.98 
IId CH~-(CH~~-CHZ-- 63 47.5-49" CiaH3iN03 C 69.90 70.12 


H 10.03 10.14 
N 4.53 4.38 


IIe CH3-(CH&-cHz- 69 49.5-5 1 O C2oH35N03 C 71.22 71.00 
H 10.38 10.56 
N 4.15 4.03 


CH3-(CHz) in-CHz- 82 55-56.5' CZZH39N03 C 72.33 72.49 
H 10.68 10.82 
N 3.83 3.74 


C H ~ - ( C H ~ ) I ~ - C H ~ -  45 58-59' C24H43N03 C 73.28 73.02 
H 10.94 10.87 


3.22 N 3.56 


IIf 


I k  


Table 11-Physical Data  and  Elemental  Analysis for the p-N,N-Bis(2-chloroethyl)aminophenyl Alkyl Ethers 


ComDound R 
Melting Analysis, % 


Yield, % Point Formula Calc. Found 


1110 CH3-CH2- 


IIIb CH~-(CHZ)Z-CHZ- 


IIIC CH~-(CHZ)~-CH~- 


IIId CH~-(CHZ)~-CHZ- 


IIIe CH~-(CHZ)~-CH~- 


IIIf CH~-(CHZ)~O-CHZ- 


IIIg CH~-(CHZ)IZ-CHZ- 


65 


53 


63 


Oil 


Oil 


Oil 


N 5.35 


N 4.40 
49 Oil CieHzsClzNO C 62.45 


H 8.38 
N 4.05 


89 35.5-36.5' CzoHdJzNO C 64.19 
H 8.83 
N 3-74 


55 44-45O CzzH37ClzNO C 65169 
H 9.21 


59 Oil 
N 3.48 


C24H4iClzNO C 66.98 
H 9.53 
N 3.26 


54.96 
6.29 
5.27 


58.14 
7.47 
4.81 


60.50 
7.80 
4.23 


62.44 
8.50 
3.99 


64.29 
9.00 
3.62 


65.54 
9.30 
3.39 


66.73 
9.79 
2.92 


Synthesis of p-N,N-Bis (2-hydroxyethy1)aminophenyl Alkyl Ethers 
(ZZ a-g)-Ten grams (0.05 mole) of I was dissolved in a reaction flask 
containing 300 ml of ethanol, 200 ml of water, and 7 g of KOH. This 
mixture was stirred and heated to reflux. An excess (0.15 mole) of the 
appropriate alkyl bromide (ethyl, butyl, hexyl, octyl, decyl, dodecyl, or 
tetradecyl) was introduced and reflux was continued for 24 hr. Excess 
solvent was removed in U ~ C U O  and the residue was mixed with ether. The 
ether solution was filtered to remove potassium bromide. The ethereal 
filtrate was extracted three times with 10% KOH solution to remove 
unreacted starting material. The ether layer was evaporated in uacuo. 
With the exception of the butyl, octyl, and tetradecyl derivatives, solid 
products suitable for analysis were obtained after cooling to 0'. The butyl 
and octyl derivatives were recrystallized from a methanol-water system, 
and lyophilized to yield analytically pure product. The tetradecyl de- 
rivative was purified by recrystallization from an acetone-water system. 
The new compounds were characterized by physical data (Table I) and 
IR and NMR spectra. 


Synthesis of p-N,N-Bis(2-chloroethyl)aminophenyl Alkyl Ethers 
(III a-g)-Three-tenths of a mole of the appropriate derivative of I1 was 
dissolved in a minimum amount of chloroform. Five milliliters of absolute 
ethanol, then 1 ml of thionyl chloride, was added during continuous 
stirring. The reaction mixture was cooled to 0' on dry ice, 10 ml of thionyl 
chloride was added and the solution was allowed to reach room temper- 
ature. The mixture was concentrated in U ~ C U O  to remove solvent and 
excess thionyl chloride. Upon standing, solid products were obtained for 
the decyl and dodecyl derivatives. These products were recrystallized 
from an ethanol-water system and light-colored crystals were obtained. 
The ethyl, butyl, hexyl, and octyl derivatives were initially isolated as 
the hydrochloride salt. These products were converted to the free base 


by mixing with 10% NaOH and extracting with ether. Evaporation of the 
ether yielded oils suitable for analysis for the ethyl and hexyl derivatives. 
The butyl and octyl derivatives were recrystallized from an acetone-water 
system and lyophilized to yield analytical samples. The tetradecyl de- 
rivative was initially isolated as the free base and purified by recrystal- 
lization from an ethanol-water system. The ethyl, butyl, and octyl de- 
rivatives existed as black crystalline solids below 15' and as oils a t  room 
temperature. The hexyl derivative was an oil a t  0' and room temperature. 
The tetradecyl derivative existed as a brown semi-solid below 15' and 
as an oil a t  room temperature. The final products were characterized by 
physical data (Table 11) and IR and NMR spectra. 


Biological Evaluation-Test Animals-DBAI2 mouse strain2, BDFl 
mouse strain*, HADCR mouse strain3, and L-1210 leukemic mice (tumor 
source)4 were used. 


Instruments-The necessary equipment included an electronic cell 
counter5, a channelizer5, a dilutor5, an r-y recorder5, a hemocytometer6, 
and a microscope7. 


Materials-Counting diluent5, red blood cell-lysing reagent5, crystal 
violet8, Giemsa stain9, isotonic diluting solution'n, trypan blue", and 


Jackson Laboratories. 
ARS/Sprague-Dawley. 
National Cancer Institute, National Institutes of Health, Bethesda. Md. 
Model ZB counter and accessories. Coulter Electronics. 
American Optical Co. 
Model RA, Carl Zeis. West Germany. 
Matheson, Coleman & Bell. 


Y Fisher Scientific Co. 
Microbiological Assoc. 
Allied Chemical Co. 
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Table 111-Summary of t he  Bioevaluation Data for the p-N,N-Bis(2-chloroethyl)aminophenyl Alkyl Ethers  


Compound 


(Derivative) gmoles/kg mdkg  Animals Day ( iSE) Survival Day ( G E )  T/C, %* 
Number LD5On, Dose", Number of Mean Survival Control Mean 


IIId 
(Octyl) 


IIIf 
(Dodecyl) 


IIIg 
(Tetradecyl) 


1640 


714 


1069 


>1156 


>lo70 


>995 


>1395 


25 
50 
75 


100 
125 
150 
200 
25 
50 
75 


100 
125 
150 
200 
25 
50 
75 


100 
125 
150 
200 
25 
50 
75 


100 
125 
150 
200 
25 
50 
75 


100 
125 
150 
200 
25 
50 
75 


100 
125 
150 
200 
25 
50 
75 


100 
125 
150 
200 


6 
s 
6 
6 
6 
6 
6 
6 
6 
5 
5 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
5 
6 
6 
5 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
5 
6 
6 
6 
6 
6 
6 
5 
6 
5 
5 
6 
5 


9.83 (0.31) 
10.00 (0.68) 
9.33 (0.42) 


10.67 (0.21) 
10.17 (0.17) 
9.33 (0.92) 
7.33 (0.67) 
9.50 (0.34) 


10.00 (0.63) 
11.40 (0.51) 
11.60 (0.87) 
12.50 (0.56) 
12.83 (0.54) 
6.50 (0.34) 


10.00 (0.52) 
10.00 (0.52) 
10.50 (0.43) 
10.17 (0.48) 
10.67 (0.42) 
9.33 (0.21) 
9.83 (0.31) 
9.20 (0.66) 
9.67 (0.33) 
9.83 (0.40) 


10.20 (0.37) 
12.33 (0.80) 
10.83 (0.79) 
10.00 (0.37) 
9.33 (0.42) 


10.33 (0.49) 
11.67 (0.61) 
13.17 (0.70) 
14.67 (0.61) 
14.50 (0.80) 
7.67 (0.33) 


12.33 (0.42) 
12.60 (0.51) 
13.83 (0.48) 
12.33 (0.56) 
11.00 (0.58) 
9.67 (0.44) 
9.83 (0.31) 


10.17 (0.31) 
10.40 (0.25) 
11.33 (0.33) 
12.20 (0.37) 
11.40 (0.51) 
11.00 (0.58) 
9.00 (0.37) 


8.50 (0.34) 
8.50 (0.34) 
8.50 (0.34) 
8.50 (0.34) 
8.50 (0.34) 
8.50 (0.34) 
8.50 (0.34) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.33 (0.21) 
9.33 (0.21) 
9.33 (0.21) 
9.33 (0.21) 
9.33 (0.21) 
9.33 (0.21) 
9.33 (0.21) 
7.83 (0.31) 
7.83 (0.31) 
7.83 (0.31) 
7.83 (0.31) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 
9.00 (0.37) 


116 
118 
110 
126 
120 
110 
86 


106 
110 
127 
129 
139 
143 


72 
107 
107 
113 
109 
114 
100 
105 
118 
123 
126 
130 
137 
120 
111 
104 
115 
130 
146 
163 
161 
85 


137 
140 
154 
137 
122 
107 
109 
113 
116 
126 
136 
127 
122 
100 


Administered in propylene glycol. The T/C% value represents the ratio of the sum of the number of days the animals in a treated group survived (T) to the sum 
of the number of days the animals in the control group survived (C) multiplied by 100. 


Wright's stainB were obtained commercially. The ether derivatives of 111 
were prepared in the laboratory, and their physical and analytical data 
are reported in Table 111. 


Pretoxicity Testings-Groups of two healthy (HA/ICR) male mice 
were injected intraperitoneally with 50012, 100, 10, 1, or 0.1 mg of test 
drug/kg in propylene glycol to evaluate the dose range for the pharma- 
cological screen and LD50 determination. 


Pharmacological Screen and I!,D~o Eualuation-Five groups, each with 
six HA/ICR mice, were selected. A gross screen was conducted for acute 
toxicity, and results were recorded during the 3 hr following injection. 
The mice were observed and weighed every day for 21 days, and the 
mortalities were recorded daily. A linear regression and correlation 
coefficient program (8) and a graphic method (9) were applied to deter- 
mine the LD50 for each drug test. 


Transplantation Procedures-Sterile equipment was used under 
aseptic conditions. DBAI2 (6-9 week old) host mice bearing L-1210 
leukemia for 6-7 days were the tumor donors, and were sacrificed under 
ether vapor, immersed in 0.1% benzalkonium chloride, and swabbed with 
70% ethanol. A 10-ml hypodermic syringe equipped with a 20-gauge 


I z  Cnmpounds IIId, IIIe, and 1111 were limited by solubility to an upper dosage 
of 400 mg/kg. 


needle (flushed with heparin a t  1000 USP U/ml) was inserted into the 
abdominal cavity of the mouse and aspirated to obtain the lymphoid 
leukemia L-1210 cells (10). The leukemia cells were placed in a container 
over ice. One drop of ascitic fluid was prepared for microscope exami- 
nation. Cell morphology was determined by staining with Wright's or 
Giemsa stain to differentiate the leukocytes and lymphoblasts (11). As- 
citic fluid containing a t  least 95% lymphoblasts or lymphocytes was used 
for transplantation in DBA/2 mice for tumor maintenance and in BDFl 
mice for antileukemic studies. Cell counts and viability were determined 
using an electronic counter and a hemocytometer, respectively, as de- 
scribed in a recent report (3). The inoculum contained 1 X lo5 cells in 0.1 
ml. A 1-ml tuberculin syringe equipped with a 25-gauge needle was used 
to inject 0.1 ml of diluted ascitic L-1210 cells into the DBA/2 or BDFl 
mice. All inoculations of L-1210 cells were made within 1 hr after cell 
removal from the host mouse to ensure a viable transplant. 


In Vivo Determination of Antileukemic Activities by Suruiual 
Times-On Day 0, the tumor was implanted into BDFl male mice; the 
number of survivors was recorded daily during the test period. The doses 
used were below the LDlo value of each test drug to minimize drug tox- 
icity (12). The test solutions were injected within 15 min after preparation 
a t  a dose volume not to exceed 0.01 ml/g of body weight. The test drug 
solutions were administered intraperitoneally to each test group on Days 


Journal of Pharmaceutical Sciences I 563 
Vol. 71, No. 5, May 1982 







2 and 5. The experiment was evaluated on the day of death for the last 
animal in a test group or after 30 days (12). 


Table IV-Summary: Optimum Dose and  Survival Time for the 
p-N,N-bis(2-chloroethyl)aminophenyl Alkyl Ethers 


Compound Number Optimum Dose 
RESULTS AND DISCUSSION (Derivative) m g l k  pmoleslkg T/C, 90 


Chemistry-The starting material (I) was obtained in 90% yields using IIIa (Ethyl) 100 382 126 
a modification of the condensation of ethylene oxide with p-aminophenol IIIb (Butyl) 150 517 143 
reported previously (7). The ether intermediates (IIa-g) were then ob- IIIc (Hexyl) 125 393 114 


IIId (Octyl) 125 361 137 
125 335 163 tained by reacting I with the appropriate alkyl bromide. The conditions IIIe (Decyl) 


IIIf (Dodecyl) 75 187 154 for the Williamson synthesis of p-nitrophenyl ethers (13) were modified 
to produce IIa-g. Because I has a higher pKa than p-nitrophenol, more IIIg (Tetradecyl) 100 233 136 
base and a more polar solvent svstem were used to enhance the formation 
of the phenolate nucleophi1e.-The reaction proceeded uia a sN2 dis- 
placement of the bromide by the phenolate nucleophile (14). 


The primary isolation and purification step was the formation of the 
potassium salt of unreacted I and subsequent extraction with ether. 
Theoretical yields for IIa-g ranged from 45 to 82% (Table I). The alkyl 
ethers of I were stable, low-melting solids with solubility in a variety of 
organic solvents. The IR spectra of these intermediates exhibited char- 
acteristic -OH absorption as a broad band between 3600 and 3100 cm-'. 
The sharp absorption at 1240 cm-' confirmed the presence of the ether 
function. The aliphatic and aromatic C-H stretching frequencies ap- 
peared in the region of 3150-2850 cm-'. The intensity of the aliphatic 
absorption varied with the size of the alkyl substituent. The aromatic ring 
stretching occurred a t  1520 cm-'. The NMR spectra of these compounds, 
using CDC13 as a solvent, contained four distinct absorption patterns. 
A triplet (2H) (quartet for the ethyl derivative, IIa) centered a t  3.9 ppm, 
was observed for the methylene group adjacent to the ether oxygen. The 
remaining methylene groups in the alkyl side chain appeared, in the range 
of 1.6 to 2.0 ppm, as a multiplet for IIb and IIc and as a sharp singlet for 
the remaining homologs. The terminal methyl group absorbed as a triplet 
(3H) in the region of 1.2-1.4 ppm. The ethylene bridge yielded two triplets 
integrating for four protons each. The triplet a t  3.3 ppm was assigned to 
the -CHz- groups adjacent to the nitrogen and the triplet a t  3.7 ppm 
was assigned to the -CHz-group adjacent to the -OH group. The al- 
coholic proton absorption appeared as a singlet (2H) in the region of 
4.0-4.3 ppm. The four aromatic protons appeared as a typical AzB2 
multiplet centered in the region of 6.6-6.7 ppm. Analytical purity was 
determined by elemental analysis (Table I). 


The final products (IIIa-g) were obtained using thionyl chloride as the 
chlorinating agent. The vigor of the reaction was controlled by cooling 
to <OD and allowing the reaction mixture to slowly reach room temper- 
ature. The generation of hydrochloride gas in this reaction led to the 
formation and isolation of the hydrochloride salts of the ethyl, butyl, 
hexyl, and octyl derivatives. The IR spectra of the hydrochloride salts 
contained a strong absorption a t  2400 cm-' and medium absorptions a t  
3620 and 3650 cm-', confirming the presence of a tertiary amine salt. The 
NMR spectra of the hydrochloride salts contained a singlet a t  7.0 ppm 
(N-H) and the aromatic protons displayed an AA'BB' pattern which 
appeared as two doublets centered at 6.8 and 7.7 ppm. Following neu- 
tralization with base, the N-H absorptions disappeared from both the 
IR and NMR spectra and the NMR pattern for the aromatic protons 
merged into a typical AzBz multiplet centered a t  6.6 ppm. 


All of the final products (IIIa-g) were isolated and characterized as 
their free bases in yields ranging from 49 to 89%. The hydrochloride salts 
were neutralized by extracting ether solutions of the salts with 10% 
NaOH. Compounds IIIa and IIIc were isolated as oils suitable for analysis 
following the evaporation of the ether solution. All other products were 
recrystallized to yield analytically pure oils or solids (Table 11). (Com- 
pounds IIIb and IIId were also lyophilized.) The final products (1110-g) 
demonstrated solubility in ether, chloroform, ethanol, and methanol and 
were nearly insoluble in water. Upon chlorination of the dihydroxy in- 
termediates (Ha-g), the broad free OH hand on the IR spectra disap- 
peared and absorptions characteristic of halogenated hydrocarbons ap- 
peared at  1220 and 750 cm-l. The NMR spectra of the nitrogen mustard 
derivatives (IIIa-g) demonstrated the loss of 2-OH protons. In addition 
the eight ethylene protons appeared as a sharp singlet in the region of 
3.63.9 ppm. Other absorptions in the NMR spectra of compounds IIIa-g 
appeared as described for their precursors (IIa-g). The purity of the ni- 
trogen mustard products (IIIa-g) was determined by elemental analysis 
(Table 11). 


Biological Evaluation-The LD50 values for compounds Ilk-c were 
obtained using probit analysis and linear regression (Table 111) (8, 9). 
Determination of exact LD50 values for compounds IIId-g was restricted 
by the limit,ed solubility of those compounds in propylene glycol. The 
LD50 values for compounds IIId-g presented in Table 111 represent the 


occurred a t  those dose levels, therefore, the LD50 values are considerably 
higher. As anticipated, the ether derivatives of phenol mustard demon- 
strated much less toxicity than reported for phenol mustard or for its 
unhindered benzoate and fatty acid esters (1,3). In this series the butyl 
derivative (IIIb) exhibited the highest toxicity, 714 Fmlkg, compared to 
a 74.8-162.4 pm/kg13 range for the phenol mustard (1). The remaining 
compounds, IIIa and IIIc-g, demonstrated LD5o values comparable to, 
or higher than, cyclophosphamide, 1078 Hm/kg in HA/ICR mice, an ef- 
fective antineoplastic agent that is less toxic than clinically useful nitrogen 
mustards (3). 


The effect of compounds IIIa-g on the prolongation of life of L-1210 
leukemic mice was determined. A comparison of the survival of treated 
groups (T) to untreated control groups (C) was performed. A calculated 
T/C ratio 2 125% implied that the drug treatment significantly increased 
the life span. Table I11 summarizes the T/C% survivals produced a t  each 
dose level for each compound, the number of animals used per dosage 
level, and the mean survival for each animal group. The doses producing 
optimum survival for each compound are summarized in Table IV. 


The decyl derivative (Me) produced the highest mean survival time 
(T/C% values) in the series, 163% a t  a dose of 335 Fm/kg (125 mg/kg) as 
illustrated in Table IV. The ethyl derivative (IIIa) demonstrated the 
lowest significant optimum T/C% values in this series, 126% a t  382 pmkg  
(100 mg/kg). This was the only dose level a t  which significant survival 
(2125%) was obtained for the ethyl derivative (IIIa). The butyl (IIIb), 
decyl (IIIo), and dodecyl (IIIf) derivatives produced significant survival 
a t  four dosage levels each and the octyl (IIId) and tetradecyl (IIIg) de- 
rivatives at three dosage levels. Only the hexyl derivative (IIIc) failed to 
produce a significant T/C% value a t  any of the dosage levels investi- 
gated. 


The differences in the observed toxicities and T/C% survival times may 
possibly be attributed to differences in both the metabolism and lipo- 
philic character of the compounds studied. The ethyl ether of p-nitro- 
phenol has been shown to undergo 0-dealkylation both a t  a rapid rate 
in uitro and to a great extent (78%) in uiuo (5). Conjugation of the phe- 
nolic mustard resulting from the 0-dealkylation of IIIa would result in 
enhanced elimination, lower toxicity, and reduced antineoplastic activity. 
The butyl ether of p-nitrophenol has been shown to undergo O-deal- 
kylation a t  a much slower rate and to a lesser extent than the ethyl ether 
(5). The (o-1)-hydroxylation pathway has been reported to be a primary 
metabolic route for the butyl ether of p-nitrophenol in rabbits (6). Longer 
chain alkyl ethers of p-nitrophenol undergo 0-dealkylation at  a negligible 
rate and to a lesser extent in uioo and the (w-1)-hydroxylation pathway 
is probably most important in their metabolism (5,6). The lower LD50 
value and the activity observed against L-1210 mouse leukemia for the 
butyl derivative (IIIb) may be attributed to the role of these metabolic 
pathways, as well as the solubility of the parent compound and the (w-  
1)-hydroxy metabolite. The observation of lower toxicity for the longer 
chain ether derivatives, hexyl (1IIc)-tetradecyl (IIIg), is consistent with 
the expectation of negligible 0-dealkylation for any of them. For the octyl 
(1IId)-tetradecyl (IIIg) derivatives, the lower toxicity, coupled with an 
increase in the lipid solubility of both the parent compounds and their 
(w-1)-hydroxy metabolites, should contribute to the observed antileu- 
kemic activity. 


The lack of a significant prolongation of life in leukemic mice, a t  any 
of the dosage levels evaluated for the hexyl derivative (IIIc), cannot be 
explained on the basis of expected metabolism nor by the anticipated 
solubility properties of the compound and its (a-1)-hydroxy metabolite. 
The role played by a complex combination of these factors may be im- 
portant and could serve as the basis for a future investigation. An addi- 
tional possibility is that  in an aqueous solution of these compounds, a 
freely rotating alkyl sidechain could fold back and assume a conformation 
that would allow interaction between the sidechain and the ring and/or 


highest doses that could be administered in propylene glycol: No deaths 13 Unpublished data from these laboratories. 
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the bis(2-chloroethyl)amino moiety. In an attempt to gain further insight 
into this consideration, stereomodels and atomic models were constructed 
for the final products (IIIa-g). From both model types it appeared that 
the hexyl side chain was the appropriate length to allow the terminal 
methyl group to sterically affect the nitrogen atom. The ethyl and butyl 
side chains were too short for such an interaction and side chains longer 
than hexyl appeared subject to repulsion by the chloroethyl groups, thus, 
reducing their steric interaction with the nitrogen atom. Such an inter- 
action between the nitrogen atom and the hexyl side chain could sterically 
hinder the participation of the nitrogen atom in the formation of the 
aziridinium ion intermediate. Such an interaction could reduce the re- 
activity of the hexyl derivative (IIIc) which would in turn reduce its an- 
tileukemic effectiveness and contribute to its relatively low toxicity. 
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Abstract  The absorption, excretion, and metabolism of a single oral 
dose of suxibuzone, a new nonsteroidal anti-inflammatory agent, in 
healthy male volunteers were compared with those of phenylbutazone. 
After oral administration of either suxibuzone or phenylbutazone, phe- 
nylbutazone, oxyphenbutazone, and y-hydroxyphenylbutazone were 
found in the plasma; phenylbutazone was the main metabolite of suxi- 
buzone and phenylbutazone. In the urine, p -y-dihydroxyphenylbutazone 
and several glucuronide conjugates also were found. Spectrometric and/or 
enzymatic analysis showed that these glucuronide conjugates were sux- 
ibuzone glucuronide, 4-hydroxymethylphenylbutazone glucuronide, 
4-hydroxymethyloxyphenbutazone glucuronide, oxyphenbutazone 
glucuronide, and phenylbutazone glucuronides (two types: 0-glucuronide 
and C-4-glucuroxide) after suxibuzone administration, and oxyphen- 
butazone glucuronide and phenylbutazone glucuronide after phenyl- 
butazone administration. The conjugates specific to suxibuzone ad- 
ministration, suxibuzone glucuronide, 4-hydroxymethylphenylbutazone 
glucuronide, and 4-hydroxymethyloxyphenbutazone glucuronide, were 
excreted in the first 6 hr urine. These findings and the pharmacokinetics 
of these metabolites in the plasma and urine show that suxihuzone is a 
prodrug of phenylbutazone. 


Keyphrases 0 Suxibuzone-in uiuo absorption, excretion, and me- 
tabolism compared to phenylbutazone, humans 0 Phenylbutazone-in 
uiuo absorption, excretion, and metabolism compared to suxibuzone, 
human 0 Pharmacokinetics-suxibuzone and phenylbutazone, in uiuo 
humans 0 Anti-inflammatory agents-suxibuzone and phenylbutazone, 
in viva, humans 


Suxibuzone is a derivative of phenylbutazone, in which 
the proton a t  the C-4-position of the pyrazolidine ring is 
replaced by a 6-carboxypropionyloxymethyl group. The 
outstanding feature of the drug is that it has extremely low 
ulcerogenicity (1, 2) although its anti-inflammatory, an- 


algesic, and antipyretic properties are as strong as those 
of an equimolar dosage of phenylbutazone (3). 


This feature of suxibuzone can be understood by com- 
paring the biological fates of suxibuzone and phenylbu- 
tazone; however, there have been no studies on metabolism 
of suxibuzone in humans. Therefore, the present study 
compared the metabolic pathways and pharmacokinetics 
of suxibuzone and phenylbutazone in humans. 


EXPERIMENTAL 


Materials-Suxibuzone’, phenylbutazone’, oxyphenbutazone’, and 
y-hydroxyphenylbutazone’ were used as received. 4-Hydroxymethyl- 
phenylbutazone2 was synthesized and purified. 


Chromatography-HPLC was performed using a p-Bondapak Cle 
column (30 X 0.4-cm i.dJ3, which was fitted with a 254-nm UV detector. 
For low-resolution liquid chromatography, a column (20 X 2.5 cm) packed 
with Amberlite XAD-2 resin (coarse grade 35-50 mesh)4 or Dowex-1 resin 
(200-400 mesh)5 was used. 


GC was carried out under the following conditions: column 5% Silicon 
GE SE-30 on Chromosorb W AW-DMCS 60-80 mesh6, 2 m X 3-mm i.d.; 
column temperature, 275’; nitrogen flow rate, 60 ml/min; and detector, 
flame ion detector. 


TLC was carried out using commercial silica gel plates’ with the fol- 
lowing solvent systems (SS): 


S. A. Esteve Laboratory, Barcelona, Spain. 
Taiho Pharmaceutical Co., Research Laboratory, Tokushima, Japan. 
Waters Associates, Milford, Mass. 
Rohm and Haas Co. 
Dow Chemical Co. 
Shimadzu, Kyoto, Japan. 
Kieselgel60 F254, Precoated, 0.25-mm thick, Merck, West Germany. 
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Abstract Granaticin, an antibiotic produced by Streptomyces species 
was found to be cytotoxic (ED50 3.2 pg/ml) against human oral epider- 
moid carcinoma (KB) cells. At ED50 concentrations RNA synthesis was 
inhibited to the greatest extent. Prelabeling of RNA in KB cells, followed 
by addition of granaticin (2.13 pg/ml) showed that ribosomal RNA 
maturation was inhibited. The inhibition of the formation of functional 
ribosomal RNA was determined by sucrose gradient centrifugation and 
showed that the accumulation of 45s preribosomal RNA was dependent 
on granaticin concentration and on the time granaticin was in contact 
with the KR cells. The effect of granaticin (6.3 pg/ml) on KB cells in the 
different cell cycle phases showed preferential inhibition (93%) of cell 
survival in the Gz phase. However, RNA synthesis was only 20% inhibited 
by granaticin in KB cells in the Gz phase. From these results, i t  was 
concluded that ribosomal RNA maturation was not the only site of action 
of granaticin toxicity. 


Keyphrases Granaticin-cytotoxicity, mechanism of action, in human 
oral epidermoid carcinoma cells Cytotoxicity-granaticin, mechanism 
of action, in human epidermoid carcinoma cells 0 Anticancer agents- 
granaticin, mechanism of action 


Granaticin, an antibiotic produced by the Streptomyces 
species was first reported (1) as a fermentation product of 
Streptomyces oliuaceus. Its structure was clarified by 
Keller-Schierlein et al. (2). Subsequently, granaticin or its 
I,-rhodinoside, granaticin B, was isolated from S. uiola- 
ceoruber (3), S. litmogenes (4), and S. thermouiolaceus (5). 
Granaticin was active against Gram-positive bacteria (6) 
and showed anticancer activity against P-388 lymphocytic 
leukemia in mice and cytotoxicity against human oral 
epidermoid carcinoma (KB) cells (7). 


BACKGROUND 


Granaticin was reported to inhibit RNA synthesis in bacteria (8). This 
inhibition was originally attributed to the interaction of granaticin with 
the DNA template. More recently, the mechanism of action of granaticin 
in bacteria has been attributed to the inhibition of aminoacylation of 
leucyl-tRNA by interaction with an aminoacyl-tRNA synthetase (9). I t  
was not determined whether or not this inhibition was due to binding of 
granaticin to tRNA. Another report (10) showed that granaticin inhibited 
viral RNA-dependent DNA polymerase isolated from RNA tumor vi- 
ruses, i.e., Rauscher m u r k  leukemia virus, simian sarcoma virus type 
1, and avian myeloblastosis virus. From the sequential addition of gra- 
naticin to the reaction, it was proposed that granaticin interacts with the 
template (RNA) and not the reverse transcriptase. However, direct 
binding of granaticin to templates was not shown. 


Since these results indicated an inhibitory action of granaticin on RNA 
metabolism, the mechanism of action of granaticin in mammalian cells 
was studied. In the present study, the effect of granaticin on the formation 
of functional ribosomal RNA in KB cells, on the uptake of uridine by KB 
cells and its subsequent phosphorylation, and on the cell cycle traverse 
of KB cells was investigated. 


MATERIAL AND METHODS 
Stock solutions of granaticin A' were prepared by dissolving 3 mg of 


granaticin in 0.03 ml of dimethyl sulfoxide and diluting to 10 ml with basal 
salt solution ( l l ) ,  pH 7.2. 


' Dr. H. G. Floss, Department of Medicinal Chemistry and Pharmacognosy, 
Purdue University. 


Human oral epidermoid carcinoma cells2 (KB cells) were grown in 
monolayer cultures with basal medium supplemented with 10% heat 
denatured (57O) fetal calf serum containing 100 U of penicillin and 100 
g of streptomycin/ml(12,13). Cells were maintained a t  37" in an atmo- 
sphere of 5% COn in air and subcultured every 2-3 days. For experiments, 
cells were detached from the glass support with trypsin-ethylenedi- 
aminetetraacetic acid3, collected by centrifugation, washed and sus- 
pended in fresh medium, plated a t  a density of 5 x 104-1 x lo5 cells/ml, 
and incubated for 3 hr a t  37' to allow attachment to the support before 
an experiment was initiated. 


Macromolecular synthesis was measured by the addition of I3H]thy- 
midine4 (1 pCi/ml cells; 26.1 pCi/pmole) for DNA synthesis, I3H]uridine4 
(1 pCi/ml cells; 22 pCi/pmole) for RNA synthesis, and [3H]lysine4 (1 
pCi/ml cells; 50.4 pCi/pmole) for protein synthesis. Cells were disrupted 
and the macromolecules were precipitated with an equal volume of ice 
cold 10% trichloroacetic acid in 0.1 M pyrophosphate. The precipitates 
were collected on glass fiber filters5, washed three times with trichloro- 
acetic acid in 0.01 M pyrophosphate and two times with 0.1 N hydro- 
chloric acid, and their radioactivity was determined. 


Cell populations synchronized in the S-phase were obtained by a 
double-thymidine blockade (14-18). KB cells in the different phases were 
then treated with granaticin and RNA synthesis was measured through 
the incorporation of [3H]uridine into acid-insoluble fractions. Cell sur- 
vival after treatment with granaticin (6.2 pg/ml) for 1 hr in different 
phases of the cell cycle was measured by suspending washed cells in fresh 
medium. The cell suspension was diluted 1:1000, plated into plastic 
dishes, and incubated a t  37" for 7 days. The number of colonies was de- 
termined under a microscope after staining with Giemsa. 


The labeling, extraction, and isolation of nucleolar and cytoplasmic 
ribonucleic acid was described previously (19). KB cells at  a concentration 
of 3.3 X lo6 celldm1 were incubated with 1 pCi/ml ["Iuridine (22 
pCi/pmole) and 30 ml of medium. Identical incubations contained 2-5 
pg of granaticin/ml of medium. Cells were harvested after 1-4 hr a t  
37O. 


The uptake of [3H]uridine and its subsequent conversion to uridine 
monophosphate, uridine diphosphate, and uridine triphosphate was 
measured by incubating 1.6-2.4 X lo5 KB cells/ml with 1.1 pCi/ml 


I 


I ,  


12 16 20 30 50 7 0  0 4 a 
GRAN AT1 Cl N, pg/ml 


Figure  1-Effect of granaticin on macromolecular synthesis. K B  cells 
a t  a concentration of I X lo5 cells/ml were plated 3 hrs beforegranaticin 
was added. D N A  synthesis fm) was measured by the incorporation of 
t3H]thymidine, RNA synthesis (0) was measured by the incorporation 
of PHJuridine, and  protein synthesis (A) was measured by the incor- 
poration of [3H]lysine. Granaticin ulas added 10 min before the ra- 
dioactive precursor was added. The amount of acid-precipitated ra- 
dioactivity was measured after the cells were in contact with granaticin 
for  1 hr. 


American Type Culture Collection (A'I'CC CL17). 
Grand Island Biological Co., Grand Island, N.Y. 


* Amersham/Searle Corp., Arlington Heights, Ill. 
Grade GF/A, Whatman Inc. 
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Table I-Effect of Granaticin on KB Cell Growth 


Granaticinn, Cells/ml x 10-~ 
p d m l  24 hr 48 hr 72 hr 


0 3.3 ~~ 


i .4  3.2 
6.9 3.0 


13.8 2.8 
34.4 0.6 


4.6 9.3 
4.0 7.5 
3.6 5.1 
2.6 2.4 
0.1 0.8 


~ ~ ~~ ~ ~ 


Granaticin 4 the indicated concentrations remained in contact with the cells 
for 2 hr. The cells were then washed and incubated with fresh medium for 24.48, 
and 72 hr. The number of cells remaining were determined by counting an aliquot 
in an eosinophil counter. Values are the average of three experiments. * Cells were seeded at a concentration of 5 X lo4 cells/ml 3 hr before eranaticin 
was added. 
[3H]uridine (22 pCi1pmole) and with and without 1-2.75 pg of granati- 
cin/ml. Aliquots were removed immediately after the addition of [3H]- 
uridine and after 2 and 4 hr. The reaction was stopped with an equal 
volume of ice cold 10% trichloroacetic acid in 0.1 M pyrophosphate. The 
acid soluble fractions were analyzed by TLC followed by scintillation 


0.6 


0.4 


0.2 


E 
0 
8 


0.6 


0.4 


b0.2 


a I 


10 20 30 
FRACTIONS 


Figure 2-Sucrose gradient analysis of nuceolar RNA from KB cells. 
RNA was labeled by the exposure of a total of 1 X 108cells (3 X lo6 
cells/ml) for I hr to [3H]uridine in the absence (A) or presence (B) o f  
granaticin (2.13 pglml). Fractions were collected through a needle from 
15-30% gradients and centrifuged for 12 hr at 20 X lo3 rpm in a n  SW 
40 rotor. 
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Figure 3-Sucrose gradient analysis of cytoplasmic RNA from KB cells. 
Experimental condition was identical to the conditions in Fig. 2, except 
tha t  the  15-30% sucrose gradients were centrifuged for 16 hr at 22 X 
lo3 rpm. (A, control incubation; and B, 2.13 pg of granaticinlml). 
counting (20) after the addition of cold uridine mono-, di-, and triphos- 
phate6 or by the method of Cheung and Suhadolnik (21). 


Radioactivity was measured in a liquid scintillation spectrometer7 in 
10 ml of toluene scintillation cocktail or commercial scintillation solu- 
tions for water-soluble samples. 


RESULTS 


T o  determine a concentration of granaticin that would allow study of 
the inhibition of cellular processes without excessive cell death, the effect 
of granaticin on cell survival was measured (Table I). Granaticin a t  a 
concentration of 1.4 mg/ml for 2 hr caused a 3% reduction in cell numbers 


6 Sigma Chemical Co., St. Louis, Mo. 
7 Beckman Instrument Co. model LS-250. 
8 Aquasol, New England Nuclear, Boston, Mass. 
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Table 11-Effect of Granaticin Concentration and  Contact Time 
on the Maturation of Ribosomal RNA in KB Cells a 


60- 
- > 
3 
a 
a 40- 


2 0 -  


RNA 
Granaticin, Incubation, Percent of control 


unlml of medium hr 4 5 s  3 2 s  2 8 s  18s  


2.16 1 94 48 59 5 
2.16 2 86 32 9 0  
3.20 1 79 32 42 0 
3.20 2 75 11 6 0  
5.00 1 53 0 0 0  


0 Cells were seeded at a concentration of 3 X 106 cells/ml and treated with dif- 
ferent Concentrations of ranaticin for 1-2 hr. * The radioactivity associated with 
the 45S, 32S, 28S, and 188 fractions was determined and is expressed as percentage 
of the radioactivity in control incubations without granaticin, analyzed after 1 and 
2 hr. 


after 24 hr compared to incubations without granaticin. In addition, the 
damage to the cells appeared to be permanent, since the reduction in cell 
number was 14 and 19% after 48 and 72 hr, respectively, at the same 
granaticin concentration. The cytotoxic effect of granaticin was more 
pronounced a t  higher concentrations of the inhibitor (Table I). From 
these results, concentration of 2 pg of granaticinlml of cells (in some 
experiments up to 5 pglml) were used for subsequent experiments. In 
addition, the exposure time of the cells to granaticin was 1-2 hr to mini- 
mize cell death. 


Synthesis of macromolecules was monitored by measuring the incor- 
poration of radioactively labeled thymidine, uridine, and lysine into 
acid-insoluble fractions. Addition of granaticin at  various concentrations, 
10 min before the radioactive precursor was added to the cell cultures, 
showed (Fig. 1) that the formation of ribonucleic acid was inhibited 50% 
a t  a granaticin concentration of -2 pglml. At this same granaticin con- 
centration, DNA and protein synthesis were not appreciably affected. 


The ribonucleic acids synthesized in the presence and absence of 
granaticin were analyzed by differential separation using sucrose gradient 
centrifugation of the cytoplasmic and nucleolar ribonucleic acids as de- 
scribed previously (19). The results (Figs. 2 and 3) indicated an accu- 
mulation of 45s  RNA in the nucleoli of granaticin-treated cells (Fig. 3B) 
compared to untreated control cells (Fig. 2A). Similarly, virtually no 18s  
and very little 28s  RNA apeared in the cytoplasm of granaticin-treated 
cells (Fig. 3B) compared with untreated cells (Fig. 3A). These results were 
obtained after 1-hr exposure of the cells to [3H]uridine in the presence 
or absence of granaticin (2.13 pglmlhr).  In similar experiments (Table 
II), KB cells were labeled with [3H]uridine and exposed to granaticin 
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HOURS AFTER PLATING 
Figure 4-Traoerse of K B  cells through the  cell cycle after a double- 
thymidine block. The  thymidine ulas removed at zero hr after plating. 
Cell-cycle phases were identified through the incorporation of ("1- 
thymidine into D N A  (0)  and through counting of the mitotic figures 
(0) after staining with hematorylin. The  effpct ofgranaticin (6.3 pglml 
for 30 min) on R N A  synthesis i n  K B  cells i n  different phases of the cell 
cycle was measured by the  incorporation of r3H]uridine (A) (0.4 
pCilml) reported as percentage of control incubations. Typical values 
for control incorporations of r3H]uridine into RNA were: S-phase, 780 
cpmlmg of protein; Gz-phase, 450 cpmlmg of protein; M-phase 120 
cpmlmg o f  protein; and GI-phase, 1320 cpmlmg of protein. Each point 
represents the average of three measurements. 


Table 111-Effect of Granaticin on the Uptake and  Conversion 
~ f . [ ~ H ] U r i d i n e  into Uridine Monophosphate, Uridine 
Diphosphate, and  Uridine Triphosphate a 


Uridine Uridine Uridine 
Grana- Incuba- Mono- Diphos- Triphos- 
ticin, tion, Uridine, phosphate, phate, phate, 
pglml hr % % % % 


n 0 87.9 6.0 4.0 2.1 
0 2 74.0 12.2 10.5 3.3 
0 4 72.0 11.4 12.2 4.7 
2.75 0 84.7 7.2 5.1 3.0 
2.75 2 74.0 11.0 11.3 3.7 
2.75 4 70.9 12.9 11.6 4.4 


a [.3H]Uridine (1.1 pCi/ml, 22 pCi/pmole) was added to 1.6-2.4 X lo5 KB cells/ml 
and incubated with and without 2.75 pg of granaticidml for the time indicated. 
Separation of uridine and its mono-, di-, and triphosphate ester was by TLC. 


concentrations of 3.2 and 5 pglml for 1 and 2 hr. The results extend and 
support the data in Figs. 2 and 3. 


Summation of the radioactivity associated with the sucrose gradient 
fractions representing 45S, 32S, 28S, and 1 8 s  RNA, in the control incu- 
bation and in incubations of KB cells with granaticin, showed that higher 
granaticin concentrations (3.2 and 5 pglml) have a more drastic effect 
on the maturation of ribosomal RNA than incubations with 2.16 pg of 
granaticinlml of medium (Table 11). In addition to granaticin concen- 
tration, the incubation time of granaticin with KB cells affected matu- 
ration of ribosomal RNA. After a 2-hr incubation a t  2.16 of 3.2 pg of 
granaticinlml of medium, the inhibition of the formation of functional 
ribosomal RNA was more pronounced than inhibition after a 1-hr incu- 
bation (Table 11). At 5 pg of granaticinlml of medium, no radioactivity 
was found in 32S, 28S, and 18s  ribosomal RNA after a 1-hr incubation 
(Table 11). In all experiments where contact time or granaticin concen- 
tration was varied, the maturation of 4 5 s  RNA was inhibited to a greater 
extent than the synthesis of 4 5 s  RNA (Table 11). 


No inhibitory effect of granaticin a t  a concentration of 2.75 pglml for 
2 or 4 hr was observed on intracellular accumulation of [3H]uridine and 
on the subsequent conversion of [3H]uridine to uridine monophosphate, 
uridine diphosphate, and uridine triphosphate (Table 111). 


Possible cell cycle specificity of granaticin was investigated in syn- 
chronized KB cells. The degree of synchronization was determined by 
[3H]thymidine incorporation and by counting mitotic figures. A typical 
profile is reproduced in Fig. 4. Synchronized KB cultures were used to  
measure [3H]uridine incorporation in the different cell-cycle phases in 
the presence and absence of granaticin (Fig. 4). Similarly synchronized 
cell cultures were used to measure the cell survival after treatment with 
granaticin in the different cell-cycle phases (Fig. 5). [3H]Uridine incor- 


"I 


4 8 12 16 io i4 0 -  
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Figure 5-Effect ofgranaticin on the surviual of synchronized K B  cells. 
Synchronized S-phase KB cells mere incubated for 1 hr with 6.3 pglml 
granaticin at 4,8,12,17, and 23 hr after removal o f t h e  thymidine block, 
diluted 1:1000, and grown in  monolayers for 7 days. Thereafter, stained 
colonies were counted and represented as percentage of control incu- 
bations without granaticin. Each point represents the average of three 
measurements. 
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poration was inhibited 50% by the addition of granaticin to cells in the 
GI-phase (Fig. 4). Little or no effect of granaticin on RNA synthesis was 
observed in the mitotic and early S-phase and only minimal inhibition 
(20%) in the late S- and &-phases (Fig. 4). However, the effect of gra- 
naticin on the cell survival in the different phases was much more pro- 
nounced. Almost no cells survived in the Gz-phase (Fig. 5). Similarly, only 
25% of the GI-phase treated cells survived. Survival in the S- and M- 
phases was -50% (Fig. 5). 


DISCUSSION 


In previous studies with bacterial systems granaticin inhibited RNA 
synthesis in uiuo (8, 9) and in cell-free incubations (22). In addition, 
granaticin inhibited reverse transcriptase (10). In both cases, interaction 
of granaticin with the template was proposed. Although the most recent 
result with Bacillus subtilis (9) indicated that granaticin inhibition was 
due to the failure to charge leucyl-tRNA, it was not clear if granaticin 
exerted its inhibitory properties through binding to the tRNA molecule 
or to the proteins involved in this process. Inhibition of the reverse 
transcriptase was attributed to the interaction of granaticin with the 
template (RNA) for this enzyme (10). This conclusion was drawn from 
sequential addition experiments and, therefore, does not prove interac- 
tion of granaticin with the template. 


The present results show that RNA synthesis is affected by granaticin 
at  concentrations where protein DNA synthesis is not inhibited. Subse- 
quent analysis of the synthesized RNA showed that maturation of the 
45s ribosomal RNA precursor is inhibited. This inhibition was dependent 
on the granaticin concentration in the incubation mixtures as well as on 
the duration of incubation. These results may indicate that granaticin 
binds to 45s RNA and therefore maturation cannot occur. However, 
similar results would have been obtained if granaticin interacted with 
one or more of the enzymes (23) involved in the processing of 45s RNA 
to functional ribosomal RNA. 


An indication that granaticin a t  higher concentrations interacts with 
other vital processes in mammalian cells was apparent from a comparison 
of the results of the cell cycle inhibition experiments (Figs. 4 and 5). If 
inhibition of RNA synthesis was the only site of action of granaticin, then 
the inhibition of RNA synthesis (Fig. 4) and cell survival (Fig. 5) should 
have yielded comparable values. Inhibition of RNA synthesis by grana- 
ticin in cells in the different phases of the cell cycle was not of the same 
magnitude as the inhibition of cell growth in the same phases. The 
magnitude of inhibition in each phase should have been the same if in- 
hibition of RNA synthesis was the only site of action of granaticin toxicity. 
This type of inhibition was not found. Although 7% of the granaticin- 
treated Gz-cells did survive (Fig. 5), only 18% inhibition of RNA synthesis 
was observed in cells treated with granaticin in the same phase (Fig. 4). 
I t  should be emphasized that these experiments were done with a gra- 
naticin concentration of 6.3 pg/ml. At concentrations of 2 pg/ml, com- 
parable to the inhibition studies in Figs. 2 and 3, this difference in cell 
survival and inhibition of RNA formation was not apparent. 


A number of other compounds inhibit maturation of ribosomal RNA 
(24). The compounds studied in greatest detail are nucleoside analogs 
which, in addition to inhibiting the processing of ribosomal RNA, also 
inhibited de nouo precursor synthesis (24). Although granaticin cannot 
be classified as a purine or pyrimidine analog and, therefore, should not 
inhibit de nouo nucleoside synthesis, the effect of granaticin on the uptake 
and phosphorylation of [3H]uridine to the corresponding nucleotides was 
tested and found to be negative. Camptothecin inhibited ribosomal RNA 


synthesis (25); however, in this case it appeared to inhibit transcription 
and not the maturation of preribosomal RNA. 
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During the last 10 years, the search for methods of se- 
lectively targeting antineoplastic agents has increased 
significantly. Because of the lack of tumor specificity of 
systemically administered antitumor drugs, toxic side ef- 
fects are common, often resulting in greater harm to the 
host tissue than to  the neoplastic process. Currently, the 
therapeutic index of most antineoplastic agents used in 
systemic therapy remains marginal, despite efforts to 
achieve tumor specificity. Despite various chemical mod- 
ifications of chemotherapeutic agents (e.g., altering their 
partition coefficient, attaching immunologic ligands, or 
altering charge density), only variable success has been 
achieved in increasing specificity. An alternative approach 
for increasing the effectiveness of antitumor drugs is to 
alter their distribution in the body by incorporating them 
into particulate carriers, which theoretically can be con- 
centrated at  the tumor site. In this way, the toxicity of the 
drug for the tumor might be enhanced while the systemic 
toxicity is minimized. 


Two major approaches for achieving this goal are dis- 
cussed in this article. The first consists of new types of li- 
posomes which impart an element of selectivity to desired 
target sites; the second consists of magnetically responsive 
drug-carrying microspheres which are capable of being 
targeted to tissue sites by use of an external magnetic field. 
A detailed comparison of all the various methods of drug 
delivery has been reviewed elsewhere (1). 


BACKGROUND 


The goal of any drug delivery system involves the al- 
tering of the pharmacokinetics and physiological dispo- 
sition of the drug in question in order t o  obtain a higher 
therapeutic index. This can be accomplished either by 
decreasing the toxicity of the drug or by increasing its ef- 
ficacy. In treating neoplastic disease, these concentrations 
become essential. Since the biochemical differences be- 
tween normal and transformed cells are minimal and are 
difficult to  exploit (a ) ,  the chemical synthesis of more ef- 
ficacious drugs has not been entirely fruitful. Cancer 
therapy currently involves the administration of toxic 
drugs with a relatively small safety margin. Any drug de- 
livery system that could significantly increase the thera- 
peutic index of an antitumor drug would have a major 
impact in cancer treatment. 


Many approaches have been tried in attempts to design 
a “magic bullet” for cancer. Implanted drug reservoirs give 
a more uniform dosage rate of the entrapped drug. The 
pharmacokinetics of the drug and its eventual disposition, 
however, remain identical to  those of the free drug ad- 
ministered uia normal methods. Covalently attaching 
antitumor agents to antibodies specific for the tumor has 
been suggested as a method of achieving tumor specificity. 
The results so far are only suggestive of potential appli- 
cability (3 ,4) .  This approach is limited further by the ex- 
tent that the attachment of the drug to  the antibody de- 
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creases the immunological specificity of the antibody. The 
most encouraging prospect of increasing the therapeutic 
index of antitumor drugs is to encapsulate them inside 
macromolecular carriers that can circulate within the body. 
In theory, macromolecular carriers can be localized a t  the 
tumor site with high specificity, thereby increasing the 
therapeutic index of the encapsulated drug. Two such 
macromolecular carriers have been exploited recently in 
the targeting of drugs. The first, the liposome, is an as- 
sembly of phospholipids held together by noncovalent 
forces. The other carrier is the magnetically responsive 
albumin microsphere which can be targeted to tissue sites 
uia external magnetic fields. We will critically evaluate the 
current experimental data for both of these systems and 
then speculate on their future clinical use in treating 
cancer. 


LIPOSOMES 


Liposomes form spontaneously when dry phospholipids 
are hydrated with an aqueous solution. These structures, 
which are held together by noncovalent forces, consist of 
concentric bilayers of phospholipids that are separated by 
an aqueous space (5,6). Within this aqueous space, water 
soluble compounds such as antitumor drugs can be stored. 
Drug-containing lipsosomes can be separated from non- 
sequestered drug by centrifugation of the liposomes or by 
gel filtration. However, all phospholipids do not form li- 
posomes; in fact only very few naturally occurring phos- 
pholipids form liposomes that are stable under physio- 
logical conditions. Phosphatidylcholine, the most abun- 
dant natural phospholipid, readily forms stable liposomes, 
whereas phosphatidylethanolamine, the second most 
abundant natural phospholipid, does not. Furthermore, 
phospholipid liposomes only form if they are hydrated 
above a temperature that corresponds to the physical 
transition of the phospholipid from a crystal-like ( i .e . ,  gel) 
state to a liquid crystalline state. This temperature, which 
is dependent on the fatty acid composition of the phos- 
pholipid, is known as the transition temperature. Lipo- 
somes formed under these conditions are multilamellar 
bilayers that  range from 1 to 5 pm in diameter. Upon 
sonication, these multilamellar bilayers are reduced in size 
to 0.02 pm in diameter. Other size ranges between these 
two extremes are possible via polycarbonate filter extru- 
sion techniques (5). 


The potential use of liposomes as drug delivery systems 
for antineoplastic agents has been summarized in many 
articles (6-10). This review will attempt to  update and 
critically evaluate recent experimental results using lipo- 
somes in treating neoplastic disease and to anticipate po- 
tential new approaches in this area that may be useful in 
the future. 


Physiological Fate of Liposomes-It is now appre- 
ciated that the simple encapsulation of an antitumor drug 
in unsonicated dispersions of phosphatidylcholine is a 
relatively naive approach to greater in uiuo drug specificity. 
This is partly due to the complexity of the interaction of 
both the plasma and the reticuloendothelial system with 
liposomes. In the former case, the drug is released from the 
liposome so that its fate becomes that of the free drug. In 
the latter, the rapid removal of liposomes and their asso- 
ciated antitumor drug by fixed macrophages of the liver 


and spleen limits the number of liposomes capable of 
reaching a target site. 


In the rush to  demonstrate the ability of liposomes to  
treat neoplastic disease, few controlled studies have been 
conducted into the physiological fate of systemically in- 
jected liposomes. Such studies would require having li- 
posomes of defined size and composition. Without this 
definition, relatively simple experiments such as in uitro 
exchange of cholesterol between sonicated phosphatidyl- 
choline vesicles, can be misinterpreted (1 1). Rigorous 
studies on the physiological fate of liposomes require the 
use of radioactive phospholipids rather than easily ob- 
tained commercial radioactive markers such as cholesterol 
or cholesteryl esters. Such markers exchange readily with 
blood components (12) or are metabolized in the plasma 
to components that can exchange easily (13) resulting in 
an erroneous interpretation of carrier distribution. I t  is also 
essential to determine whether actual mass transfer of the 
phospholipid from the liposome is observed or simply the 
exchange of radioactive phospholipid equivalents with 
other blood components. Finally, the structural integrity 
of the liposome and the associated antitumor drug in the 
systemic circulation should be verified. Due to the com- 
plexity of such experiments, few studies exist that fulfill 
these criteria. The most complete work is that of Tall (14) 
in which all of these experimental parameters are exam- 
ined. This particular study is important in that it gives 
insight into the molecular modification of liposomes by the 
lipoprotein apoproteins. 


A wide variety of lipoproteins circulate in the plasma. 
Lipoprotein particles are responsible for transporting 
highly insoluble lipids such as triglycerides and cholesteryl 
esters to their site of utilization. The  protein moieties of 
the lipoproteins, known as apoproteins, appear to  play a 
role in the structural integrity of the lipoprotein particle 
as well as functioning as a recognition signal for various 
receptors in the body. 


Apoproteins, especially apo A, can leave their respective 
lipoprotein particles and associate with phospholipid li- 
posomes. With apo A, this association can eventually lead 
to  the disruption of liposomal integrity (15-17) and the 
release of the associated water soluble antitumor agent. It 
has become clear that  the inclusion of cholesterol in the 
liposome bilayer minimizes the interaction of apo A with 
phospholipid liposomes in uitro (18). However, the in- 
clusion of cholesterol may not significantly alter the 
physiological fate of most of the liposomes in uiuo (14). 


The effect of another apoprotein, apo E, on phospholipid 
liposomes is often unappreciated. Apo E is associated with 
the uptake of chylomicron and very low density lipoprotein 
(VLDL) remnants in the liver (19,20). Its association with 
phospholipids either as liposomes (21) or as phospho- 
lipid-triglyceride emulsions (22) is well documented. One 
hypothesis is that apo E may have a higher affinity for 
cholesterol-rich liposomes than for cholesterol-poor lipo- 
somes. If so, the cholesterol rich liposomes in uiuo would 
be taken up by the hepatic receptor that recognizes apo E. 
Tall indicates that this may be the case (14). Therefore, the 
physiological fate of most cholesterol rich liposomes in uiuo 
may be the liver, even though the fractional amount of the 
liposomes that  remains in the plasma may appear to be 
structurally intact (18). 


I t  is also well documented that the inclusion of choles- 
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terol in a liposome will reduce the rate of leakage of en- 
trapped drugs. The reduction in the rate of loss of an an- 
titumor agent from such cholesterol rich liposomes can be 
beneficial to the efficacy of cell cycle sensitive drugs such 
as cytarabine (23-25). Cytarabine entrapped within lipo- 
somes is sequestered from the plasma and is not subject 
to rapid metabolism; hence, the liposome acts as a long- 
lived depot for the drug. For other nonce11 cycle-dependent 
drugs, however, large increases in the efficacy of encap- 
sulated drug regardless of the composition of the liposome, 
has not been observed (26), probably because most of the 
drug is removed to distant sites before the tumor can be 
reached. Thus, the inclusion of cholesterol in the liposome 
only decreases the permeability of the drug from a lipo- 
some and does not appear to significantly alter liposome 
tissue distribution. 


The unresolved basic problem is how to gain greater 
target specificity for the drug. The most exploited way is 
to reduce the size of the liposome to that of a small onila- 
mellar vesicle with a diameter of -200 A. This size reduc- 
tion increases the plasma lifetime of the liposome com- 
pared to unsonicated dispersions (27), thereby increasing 
the possibility that greater tumor localization can be 
achieved compared to larger liposomes. The reduction in 
size of the liposome, however, also decreases the amount 
of interior aqueous space, thereby limiting the amount of 
water soluble antitumor drug that can be encapsulated. 
Moreover, the in uitro stability of small unilamellar ves- 
icles is less than that of larger liposomes, either as large 
unilamellar vesicles or as unsonicated dispersions. The 
reduction in the size of the liposome while increasing 
plasma circulation time does not appear to alter exten- 
sively the physiological fate of the liposome (i .e. ,  local- 
ization primarily in the liver and the spleen). 


Incorporation of Glycolipids-One new approach to 
alter the tissue distribution of liposomes is the inclusion 
of natural and synthetic glycolipids into the liposomes. 
Taking advantage of the asialo galactose receptor in the 
liver, vesicles containing an exposed galactose moiety ac- 
cumulated to an even greater extent in the liver than li- 
posomes without such glycolipids (28). On the other hand, 
the presence of a sialic acid group on the glycolipid slightly 
retards the accumulation of the such liposomes in the liver 
(29). Using a variety of synthetic glycolipids, such as amino 
mannose derivatives, Baldeschwieler and coworkers have 
shown that enhancement of vesicle stability can occur 
along with a highly altered tissue distribution, especially 
to the lung (30, 31). More recent studies have indicated 
that the same amino mannose derivatives enhance the 
uptake of liposomes by macrophages (32). Whether or not 
such altered stability and different tissue location have any 
beneficial effects for cancer chemotherapy remains to be 
tested. These results indicate that suitable modifications 
of the liposomal surface can dramatically alter in uiuo 
characteristics. 


Incorporation of Immunoglobulins-Another new 
methodology that has received much attention is the use 
of immunoglobulins to direct liposomes and the associated 
antitumor drug to  a specific site. In theory, suitable 
tumor-specific antibodies can be bound to the liposomal 
surface and then can impart the necessary tissue specificity 
SO that targeting can be achieved. An early study indicated 
that specificity could be achieved in vitro (33). Although 


internalization of the liposome and its associated antitu- 
mor drug was demonstrated, the studies were done with 
highly phagocytic cells. As attractive as this potential may 
be, there are factors that must be critically assessed. First, 
as shown by Weinstein and coworkers, the increased 
binding of a liposome containing the appropriate hapten 
to a cell, mediated by the F(ab)z fragment of an IgG spe- 
cific antibody, does not ensure internalization of the 
liposome and its associated antitumor drug into non- 
phagocytic cells (34). Even the localization of liposomes 
containing methotrexate near tumor cells in uitro does not 
enhance the cytotoxic behavior of methotrexate (34). Re- 
cent studies have indicated that sonicated vesicles con- 
taining methotrexate and a surface-oriented hapten can 
be internalized into highly phagocytic cells having an F, 
receptor by prior reaction of the lysosomes with antihapten 
IgG antibody (35). However, the therapeutic uses of this 
technique may be limited to highly phagocytic cells. 
Moreover, many normal cells also have F, receptors that 
appear to be needed for carrier internalization (35). 


Other workers have shown that IgG or F(ab)Z fragments 
can be covalently linked to liposomes uia oxidized gly- 
colipids present in the bilayer of the liposome (36). Using 
F(ab)z fragments specific for red cells, a high degree of 
binding to red cells has been observed (37). Likewise, 
monoclonal antibodies can be rendered hydrophobic and 
linked to the liposome with subsequent in uitro specificity 
(38) or can be covalently linked uia phosphatidylethano- 
lamine in the liposome (39). Nonetheless, the mere in- 
creased binding to the target cell does not ensure greater 
efficacy of the associated antitumor drug, even in uitro 
(34). Therapeutic uses of antibody-directed liposomes 
must also be considered based on work demonstrating the 
physiological fate of purified 1311-labeled anticarcinoem- 
bryonic antigen administered to patients with colorectal 
carcinomas. I t  has been shown that although diagnostic 
specificity (i.e., higher radioactivity in tumor tissue com- 
pared to normal adjacent tissue) is observed, only 0.1% of 
the injected antibody localizes in the resected tumor (40). 
Such low absolute specificity raises a question for the po- 
tential use of antibodies as a way of targeting liposomes 
and their associated antitumor drugs to a tumor, since the 
carcinoembryonic antigen is one of the most characterized 
tumor markers. Also, since solid tumors are known to shed 
their antigens into the plasma, much of the liposome- 
antibody complex would most likely bind with circulating 
antigens, seyerely limiting the number of liposomes ca- 
pable of binding to antigens on the tumor surface (40). 
Finally, there remains the problem of whether the lipo- 
some-antibody complex can leave the plasma compart- 
ment and enter into the extravascular compartment. If the 
liposome complex is being simply removed from the cir- 
culation by the fixed macrophages of the liver and spleen, 
then there is little liklihood that the liposome will en- 
counter the bulk of the tumor. On the other hand, if the 
liposome-antibody complex can leave the vascular system 
at the tumor site, or enter the lymphatic circulation, then 
the possibility exists that the complex can interact with 
the tumor. The problem of the cellular uptake of the 
liposome and its associated antitumor drug in viuo remains 
the same as discussed for the i n  vitro studies. 


Use of Biological Factors-A more novel approach 
to the problem of tissue specificity is the use of biological 
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factors to stimulate the body's immune system to attack 
tumor sites. The use of interferon as an immuno-modu- 
lating agent has received much attention, but its use has 
failed to produce uniformly positive results (41). Attempts 
have been made to restrict biological response modifiers 
selectively a t  the site of tumors. One example of this ap- 
proach is the encapsulation of lymphokines within phos- 
pholipid liposomes (42). Liposomes, composed of phos- 
phatidylcholine and phosphatidylserine, were shown to 
localize in the lung after intravenous injection. Such lo- 
calization allowed the alveolar macrophages to phagocy- 
tose the liposomes and their associated macrophage acti- 
vating factor. Thus, by activating the alveolar macro- 
phages, metastases, which have migrated to the lung from 
a primary tumor, can be attacked with high efficiency, but 
only if the primary tumor had been excised from the ani- 
mal (43). Further experiments indicated that macrophage 
activating factor can be replaced by the synthetic im- 
muno-potentiating compound muramyl dipeptide with 
similar results (44). This approach indicates that if one can 
localize biological response modifiers such as macrophage 
activating factor and muramyl dipeptide to macrophages 
in the lung, substantial efficacy can be observed under 
certain conditions (i.e., removal of the primary tumor). In 
a similar approach, immune RNA has been encapsulated 
in liposomes coated with antilymphocyte antibody studies. 
The phagocytosis of these liposomes by lymphocytes in 
uitro resulted in enhanced cytotoxicity to tumor cells (45). 
The in uiuo utility of a system using antibodies to target 
liposomes to lymphocytes to enhance chemotherapy, has 
the same limitations as outlined previously. 


Thus far, most attempts a t  targeting liposomes to se- 
lected tissues in uiuo has relied on size, glycolipids, or an- 
tibodies. Even if successful, unless the tumor cells in the 
target tissue are highly endocytic, the contents of the 
liposome are unlikely to enter the target cell unless they 
leak from the liposome. That is to say, the free drug must 
still enter the target cell. Another novel approach is the 
localization of the free antitumor drug a t  a desired site by 
using the physical parameters of the liposome phospho- 
lipid composition to increase the permeability of the 
drug. 


Use of Transition Temperature-It has been shown 
that a t  the transition temperature, when the phospholipids 
of a liposome undergo a physical transition from the gel to 
liquid crystalline state, there is a dramatic increase in the 
permeability of the liposomal membrane (46). An encap- 
sulated drug will leak out more rapidly a t  this transition 
temperature than at temperatures slightly higher or lower. 
Liposomes with entrapped methotrexate have been de- 
signed to have a transition temperature near 42' (47). 
Localized heating of the target tissue can raise the internal 
tissue temperature high enough to reach 42', causing a 
large efflux of the encapsulated methotrexate from the 
liposome as the carrier enters the heated tissue. As the 
liposome is removed from the target site uia the circulatory 
system, the permeability of the drug from the liposomes 
decreases rapidly due to the decrease in local temperature. 
Recent experimental results indicated that high density 
lipoproteins are necessary to destabilize the liposomes a t  
the phase transition temperature (48). Theoretically this 
process can be repeated during every circulatory pass of 
the liposome thereby delivering the drug a t  high localized 


concentrations a t  the target site. A variation of this ap- 
proach is to incorporate N-palmitoyl homocysteine into 
liposomes. By adjusting the composition of the liposome, 
one can increase the permeability of an encapsulated drug 
with decreasing external pH (49). This approach assumes 
that the pH near the tumor site will be sufficiently lower 
than that of normal tissue, hence giving a selective release 
of the drug a t  that site. Such a theoretical concept remains 
to be demonstrated in uiuo. In both approaches, this type 
of targeting is a transient phenomenon, and while it does 
not localize the drug in high concentrations a t  the desired 
site, it does give greater concentration of the free drug a t  
the target site than can be achieved with conventional 
administration. With the heat sensitive liposomes, some 
therapeutic benefit has been observed (47). 


Current experimental evidence indicates there is much 
to accomplish in order to  demonstrate the necessary in- 
creased efficacy of antitumor agents in liposomes before 
contemplating potential clinical use. Nonetheless, there 
are a number of theoretical factors that should be part of 
an ideal lipid-based drug delivery system. It must be stable 
in uiuo; i.e., it should be resistant to the interaction of 
apoproteins of the plasma lipoproteins on the vesicle sur- 
face, resulting in structural destabilization or hepatic lo- 
calization (especially via a o E). The carrier should have 


extravascular space or lymphatic circulation, thereby 
giving the drug and carrier maximum opportunity to in- 
teract with tumor cells. Furthermore, this small size will 
enhance the possibility of endocytosis of the lipid-based 
carrier in a similar fashion to low-density lipoproteins, 
especially by cells that are not highly phagocytic (50). Fi- 
nally, the carrier should be able to be localized with high 
specificity to any desired part of the organism in uiuo. I t  
is unlikely that immunological means will be able to ac- 
complish this final goal. 


a small size (less than 300 f ) in order to penetrate into the 


MAGNETICALLY RESPONSIVE ALBUMIN 
MICROSPHERES 


By using magnetically responsive albumin microspheres 
as a drug carrier, an entirely different approach to drug 
targeting can be considered (51). Microspheres composed 
of a denatured human serum albumin matrix serve as the 
vehicle in which a chemotherapeutic agent and ultrafine 
particles of magnetite (Fe304), are entrapped. Because of 
the magnetic material within the microspheres, they are 
susceptible to the effects of a magnetic field. 


Albumin microspheres alone have some of the major 
problems discussed previously regarding liposomes; 
namely, clearance by the fixed macrophages of the liver 
and spleen and the lack of target site specificity. However, 
magnetically responsive drug-carrying microspheres in- 
fused into an artery supplying a tumor can be retained 
within the capillaries of tumor by an external magnet over 
the tumor site. Retention of the microspheres in the mi- 
crovasculature can be achieved by taking advantage of the 
difference in the linear flow velocity of blood in a large 
artery (15-30 cm/sec) oersus that in capillaries (0.05 
cm/sec). Since the linear flow velocity of the microspheres 
is much slower within the capillaries, a much smaller 
magnetic field is sufficient to retain them within these 
vessels. By targeting the microspheres in this manner, they 
can be focused to a desired site with high specificity with 
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Figure 1-Scanning electron photomicrograph (A) of  microspheres showing a n  average diameter o f  -1 pm.  T h e  largest sphere i n  the  photomi- 
crograph is 1.5 p m .  Calibration bars represent 1 p m  (X15,OOO). Transmission electron microscopy (B) reveals albumin microspheres containing 
clusters of FesOr i n  a peripheral orientation (X8500). Drug is entrapped within the  albumin matrix. 


subsequent decrease in clearance by mononuclear 
phagocytes. Restriction of the microspheres within the 
capillary circulation is essential for two reasons. First, drug 
diffusion occurs maximally in capillaries and venules; 
second, the microspheres from the microvasculature must 
transit into the extravascular space. By doing so, an 
extra-vascular depot would be created for sustained drug 
release within the target area. The drug released from the 
microspheres would saturate the tumor environment with 
a high local drug concentration. In addition, there is the 
possibility that the microspheres could be internalized by 
adjacent tumor cells as a result of increased tumor cell 
phagocytic activity (52,53). By this mechanism, cytotoxic 
drugs released from microspheres would do so intracellu- 
larly and in high concentration resulting in cell death. 
Problems of drug resistance due to the inability of the drug 
to be transported across the cell membrane may be sur- 
mounted. 


Preparation-Magnetically responsive albumin mi- 
crospheres are prepared by a water-in-oil phase separation 
emulsion polymerization (54). Essentially, this consists of 
forming, in a small aqueous volume, a solution of albumin 
and water soluble chemotherapeutic agent (e.g., adri- 
amycin) to which an aqueous suspension of magnetite 
(FeaO4) is added. This aqueous suspension is then added 
to a larger volume of oil and the mixture homogenized to 
generate proteinaceous spheres. These spheres are hard- 
ened either by heating the oil above 100" or by adding 
hydrophobic cross-linking agents to the emulsion. Mi- 
crospheres are isolated by sequential washings in ether to 
remove residual oil and are stored as a powder at 4 O .  


Microspheres range in size from 0.2 to 1.35 pm in di- 
ameter with an average of 1.0 pm (Fig. 1A). By transmis- 
sion electron microscopy it was determined that each al- 
bumin sphere contains clumps of Fe304 distributed largely 
around the periphery of the spheres (Fig. 1B). 


Adriamycin was used in early studies of this approach 
because of its range of efficacy against a variety of tumors 
but was limited clinically due to its cardiotoxicity. It must 
be stressed, however, that virtually any water soluble 


chemotherapeutic agent may be successfully entrapped 
within the microspheres, giving them a broad potential 
range of utility. 


Since optimal drug delivery i n  uiuo necessitates pre- 
dominantly capillary-level retention of the targeted mi- 
crospheres, an in uitro system capable of simulating linear 
flow velocities of blood in various sized vessels was used t o  
study the retention of microspheres using various magnetic 
parameters (55). Results (Fig. 2) demonstrated, a t  a 
magnetic field strength of 8000 Oe and using linear flow 
velocities comparable to those found in the microvascu- 
lature (i.e., 0.05 cm/sec), virtually 100% of microspheres 
were magnetically retained, while microspheres in flow 
velocities comparable to those in medium sized arteries 
were not influenced by the magnetic field. Curve B illus- 
trates the shift in the retention curve obtained when more 
magnetic material was entrapped within the microspheres. 
Studies on the effect matrix stabilization (chemical cross 
linking uersus heating) indicated that the slow release of 
adriamycin could be manipulated without extensive loss 
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Figure 2-Magnetic retention o f  heat-stabilized 1251-microspheres 
suspended i n  0.15 N NaCl a t  various rates of laminar flow (S, = linear 
flow velocity). Curve A represents microspheres containing 20% Fea04 
(wlw); curve B represents microspheres containing 50% FesO,,. In- 
creased microsphere iron content causes the  retention curve to  shift to  
t h e  right. Physiological rates o f  blood f low are indicated for  capillaries 
(a) and medium-sized arteries (b). 
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Table I-Zn Vivo Localization of '251-Labeled Magnetic Albumin 


Magnetic Field Distribution Percentages 
Strength, Number Tail Segment Number Organ 
Oersteds of Animals 1 2 3 4 Liver Spleen Kidney Lung Heart 


0 (control) 10 0 0 0 0 76-85 3-9 <1 6-19 <1 
4000 5 0 0 0-3 0 72-85 3-7 <1 5-18 <1 
6000 5 0 0-4 10-25 0 57-70 2-8 <1 6-18 <1 
8000 10 0 0-3 37-65 0-2 30-48 2-6 <1 3-17 <1 


of drug activity (56). 
In Vivo Testing-After determining optimal in vitro 


characteristics, in vivo testing was undertaken to assess 
the validity of magnetic targeting. Initially, attempts were 
made to target microspheres to normal cutaneous and 
subcutaneous tissue in the tail of Sprague-Dawley rats (51). 
For experimental purposes, the tail was demarcated into 
four approximately equal segments with segment 1 being 
proximal. A permanent bipolar magnet was placed adja- 
cent to tail segment 3, which was regarded as the target 
site. The ventral caudal artery was exposed by a cut-down 
procedure a t  the base of the tail (segment 1) and a poly- 
ethylene catheter was inserted 1.5 cm proximal to the 
target site. Microspheres labeled with iodine 125 were in- 
fused a t  a rate that corresponded to the rate of blood flow 
in this artery. After 30 min with the magnet in place, rats 
were sacrificed and organs counted for iodine 125 gamma 
radiation. The tail was cut into the designated segments 
and each was counted individually. In separate experi- 
ments animals were sacrificed 24 hr after magnetic local- 
ization. 


Results of these experiments are shown in Table I. In- 
creasing magnetic field strength resulted in increased re- 
tention of the drug carrier selectively in tail segment 3, the 
target site. Using an 8000 Oe magnetic field, -50% of the 
infused microspheres were selectively retained in tail 
segment 3. Animals sacrificed 24 hr after targeting of mi- 
crospheres demonstrated a similar 50% retention of in- 
jected carrier a t  the target site. No necrosis or evidence of 
obstructed blood flow was observed in these animals prior 
to sacrifice. Electron microscopy performed on skin from 
tail segment 3 demonstrated microspheres within endo- 
thelial cells as well as lodged between adjacent endothelial 
cells (51). Thus, ultrastructural evidence indicated that 
some targeted microspheres were able to exit from the 
vascular compartment to set up a potential extravascular 
drug depot. 


The amount of adriamycin a t  the target site was evalu- 
ated in the same rat model system (57). Experimental 
animals were sacrificed a t  various time intervals after ex- 
posure of the target site to an 8000 Oe magnetic field. 


Table 11-Zn Vivo Distribution of Carrier-Delivered and Free 
Adriamycin 


Tissue Concentrations, 
Pdgm 


Dose Magnetic Target Pooled 
Form of Drue me/ke Field" Tail Skin OrEansc 


Carrier-delivered 0.05 0 <1 <1 
0.05 + 3.9 <1 


Free 0.05 0 <1 <1 
5.00 0 5.5 15.0 


A magnetic field of 8000 Oe was placed over tail segment 3 (target area) for 5 
min. b Limits of detection, 51 Wg of drug/g of tissue (wet weight). Organs consisted 
of liver, spleen, kidneys, lungs, and heart. Adriamycin was found predominantly 
in the liver. 


Adriamycin was solubilized from tail skin and organs and 
assessed quantitatively by spectrophotofluorometry. In 
animals sacrificed 5 min after carrier infusion, 3.9 pg of 
adriamycidg of tissue was localized in the target tail skin. 
No drug was detectable in the nontarget tail segments or 
in the liver. By contrast, a 100-fold higher dose of sys- 
temically administered unencapsulated adriamycin was 
required to obtain comparable local tissue concentrations 
(Table 11). In similar experiments where animals were 
sacrificed 60 min after carrier infusion, an equivalent ad- 
riamycin concentration of 3.7 Fg/g was found at the target 
site with no detectable levels of drug found in adjacent tail 
segments or in any of the visceral organs examined. In 
animals receiving 100 times the adriamycin dose (5 mg/kg, 
iv), the amount of adriamycin a t  the target site 60 min after 
administration was only 50% of that delivered by the mi- 
crospheres. Thus, after 60 min, using 0.1% of the free in- 
travenous dose, adriarnycin targeted via magnetic micro- 
spheres yielded approximately twice the local adriamycin 
concentration a t  the preselected site with no detectable 
systemic distribution as compared to the intravenously 
administered drug. 


The microspheres were next tested for efficacy in the 
treatment of estab1isht:d rat tumors (58). The ascites form 
of Yoshida rat sarcoma was chosen due to its known sen- 
sitivity to adriamycin and because of its aggressive bio- 
logical behavior. The solid form of the tumor can be ob- 
tained by inoculating tumor cells subcutaneously. Tumor 
nodules appeared -3 days after implantation. Average 
time of death of untreated animals was found to be 16 days 
post-tumor inoculation. 


Prior to microsphere experiments, animals were inoc- 
ulated with tumor cells in the lateral aspect of the tail and 
treated with adriamycin intravenously to assess tumor 
sensitivity to the drug. Animals received either intravenous 
normal saline, 0.5 mg of adriamycidkg, or 5.0 mg of adri- 
amycinlkg on days 1,5, and 9 postinoculation of the tumor. 
Animals were assessed for tumor size, weight change, and 
life span. 


Only animals receiving the multiple high-dose regimen 
(5 mg/kg) showed any evidence of tumor sensitivity to the 
drug as demonstrated by reduction of tumor growth. 
Furthermore, animals receiving the 5 mg/kg dosage regi- 
men, had an average weight loss of 12 g, demonstrating 
evidence of systemic toxicity. It should be noted, however, 
that no difference in life span was noted between any 
treatment group. In summary, animals receiving multiple 
doses of adriamycin a t  5 mg/kg demonstrated some inhi- 
bition of tumor growth; however, these animals also 
demonstrated evidence of systemic toxicity and no en- 
hancement of life span was noted. 


Once tumor sensitivity had been established, experi- 
ments were designed to treat the Yoshida sarcoma with 
adriamycin targeted via magnetic microspheres. Again, 
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Table 111-Effect of Magnetic Microspheres Containing Adriamycin on Yoshida Sarcoma-Bearing Rats 


Microspheres 
Bearing 


Adriamycin, Adriamycin Placebo 0.5 mg/kg 
Untreated 5 mglkg 0.5 mg/kg, Microspheres Adriamycin 


Control iv ia ia with Magnet No Magnet With Marnet 


Initial tumor size, mm 36.2 19.4 26.8 25.7 
Final tumor size, mm 46.4 38.4 41.9 44.5 
Deaths, 9'0 90 100 80 100 
Regressions, % 11 0 0 0 
Total remissions, % 0 0 0 0 
Metastases, 70 89 100 80 100 


29.3 
46.9 


0 
0 


80 


a0 


27.8 28.7 
48.5 5.0 


100 0 
0 92 
0 75 


100 0 


animals were inoculated with the tumor cells into the lat- 
eral aspect of the tail, but unlike sensitivity experiments, 
animals were used for experiments 6-8 days after  tumor 
implantation. By the time of experimental use, tumors 
were not only measurable, but occasionally, showed evi- 
dence of necrosis. Regardless of the type of therapy given, 
animals received only single-dose treatment 6-8 days after 
tumor inoculation. 


The experimental group consisted of 12 animals which 
received drug-bearing microspheres a t  a dose of 0.5 mg of 
adriamycidkg with the tumor exposure to the magnetic 
field for 30 min. The method of microsphere infusion into 
the ventral caudal artery was identical to that  described 
previously. The following groups of animals constituted 
the control groups: 10 animals received placebo micro- 
spheres (without drug) infused in the same manner with 
exposure of the tumor to the magnetic field; another group 
received drug-bearing microspheres, but no magnetic field 
was applied. Finally, free adriamycin was administered 
intra-arterially (uia the ventral caudal artery) a t  0.5 and 
5 mg/kg and intravenously a t  5 mg/kg. Animals were ob- 
served for weight change, tumor size, and death. All ani- 
mals were sacrificed 29 days after treatment. Complete 
autopsies were performed and organs were examined both 
grossly and microscopically for evidence of tumor. 


Results of single-dose therapy with magnetically re- 
sponsive microspheres are presented in Table 111. Tumor 
size increased markedly in all animals treated with free 
adriamycin, regardless of the administration route or the 
dose. Control animals receiving either no treatment, pla- 
cebo microspheres, or drug-bearing microspheres without 
localization, also demonstrated a significant increase in 
tumor size. In contrast, there was a significant (92%) de- 
crease in tumor size in animals receiving adriamycin con- 
taining microspheres (0.5 mg/kg) with the magnet placed 
adjacent to the tumor. The weights of all control animals 
increased during the course of the experiments, indicating 
no evidence of systemic toxicity. Animals receiving tar- 
geted therapy also showed an increase in weight. 


In all groups of animals, except those receiving mag- 
netically localized adriamycin microspheres, there was an 
80-100% mortality rate and an 80-100% incidence of dis- 
tant metastases during the 29 days the animals were ob- 
served. In contrast, no deaths or metastases occurred in 
animals treated with the single dose of magnetically tar- 
geted microspheres containing adriamycin. Moreover, 75% 
of the animals in this group had complete tumor remission 
as confirmed by microscopic examination of the tissues. 
An additional 17% had significant tumor regression. The 
remaining animal showed no change in tumor size and was 
alive a t  the end of the experimental period. In comparison, 


there were no remissions in any control group with the 
exception of a slight decrease in tumor size in one animal 
from the untreated control group. 


In prior experiments performed to assess tumor sus- 
ceptibility to adriamycin, it was found that the tumor 
would respond only when the therapeutic regimen con- 
sisted of multiple dose intravenous adriamycin (5 mg/kg) 
given on days 1,5, and 9 after tumor inoculation. Animals 
thus treated showed some evidence of tumor regression. 
However, these animals also experienced weight loss sug- 
gestive of toxicity due to  the drug. More importantly, 
survival was not enhanced in animals treated in this 
fashion compared with untreated controls. In contrast, a 
single dose of adriamycin, when administered in magnet- 
ically responsive microspheres and targeted to the tumor 
site, achieved 75% total remissions with no deaths or his- 
tologic evidence of metastases in experimental animals. 
These animals were treated after tumor load was evident 
(6-8 days after tumor inoculation) and with only a single 
dose of 0.5 mg of adriamycidkg as compared to  multi- 
ple-dose therapy. Evidence of tumor necrosis was histo- 
logically evident as early as  3 days after treatment. 


I t  is important to note that none of the rats treated with 
targeted therapy had any histological evidence of meta- 
static disease. This was perhaps related to  the timing of the 
therapy, though tumor nodules were large and rapidly 
growing a t  the time of experimental use. The metastatic 
potential of the tumor a t  the time of treatment, however, 
may well have been limited. It is believed that the spread 
of metastases begins -7-8 days after tumor inoculation, 
with tumor neovascularization beginning a t  day 2-3l. Al- 
ternatively, destruction of the tumor cells by adriamycin, 
along with subsequent decrease in tumor load and inhib- 
ited secretion of soluble low molecular weight tumor 
product inhibitors (59) may have tilted the immunological 
balance toward an active host response. 


Thus, the potential of magnetic microspheres to enhance 
the therapeutic index of an  antineoplastic agent has been 
demonstrated. The increase in the therapeutic index ap- 
pears to come from both decreased toxicity and increased 
efficacy. Nonetheless, several questions remain to be re- 
solved before the advent of clinical use. The first and 
foremost involves the external magnetic field used in tar- 
geting. The magnetic microspheres are held in place by the 
magnetic field gradient and not just the strength of the 
magnetic field. Magnetic field gradients drop off dra- 
matically from the magnet pole face. The localization of 
microspheres to a tumor present subcutaneously allows 
maximum magnetic field gradients to be imposed on the 


' Dr. Judah Folkman, personal communication. 
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target site. Other target sites may be too distant to allow 
the retention of the magnetic microspheres to take place. 
The theoretical problem of focusing magnetic field gra- 
dients at  sites external to the magnet face is formidable. 
This problem must be solved if widespread clinical use is 
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to bekxpected. 
The second problem is that the magnetic microsphere 


must be administered intra-arterially as opposed to in- 
travenously. An intravenous administration would result 
in the clearance of the microspheres by mononuclear 
phagocytes before reaching the target site. Intra-arterial 
administration involves a necessary cut-down, and hence 
some morbidity. This problem may possibly be overcome 
by altering the surface characteristics of the microspheres 
to allow them to bypass the phagocytic cells upon intra- 
venous administration. Results in this area would be ap- 
plicable to liposomes. Finally, this carrier may be appli- 
cable only for water soluble antitumor drugs. This problem 
is relatively minor, since currently, most antitumor drugs 
are water soluble. 


Nonetheless, given the above limitations, the magnetic 
microspheres have given the most dramatic demonstration 
to date of the ability to direct antitumor drugs to a target 
site resulting in increased efficacy of the incorporated 
drug. 


CONCLUSIONS 


Drug carriers offer significant promise for the selective 
delivery of toxic chemotherapeutic agents in the treatment 
of cancer. Liposomes have been explored to a considerable 
degree for use as drug carriers in the treatment of neo- 
plasms. Though some interesting results have been ob- 
tained in this area, liposomes generally have failed to 
perform as a practical method for drug delivery in uiuo. 
Their usefulness is restricted, mainly due to a lack of target 
site specificity and their rapid clearance by mononuclear 
phagocytes in the liver and spleen. Approaches that take 
advantage of specific cell receptors uia antibodies or gly- 
colipids show some potential for achieving specificity; 
however, major obstacles remain in the application of these 
approaches. In contrast, a magnetically responsive drug 
delivery system is capable of a significant degree of in uiuo 
targeting as well as a controllable release of drug at  the 
microvascular level. 


It is the authors’ view that magnetically responsive drug 
carriers, either as a lipid or protein base, may have signif- 
icant clinical relevance in the treatment of neoplastic 
disease. Each type of magnetically responsive carrier would 
have certain advantages. Protein microspheres would be 
useful for water-soluble drugs and can serve as long-lived 
localized drug depots. Magnetically responsive lipid base 
systems would be most applicable to water insoluble an- 
titumor drugs. They may also have a smaller size than the 
protein microspheres, and hence a longer circulatory life- 
time. Whichever type of magnetically responsive carrier 
is developed, the potential for targeting uia external 
magnetic fields offers a new approach to a longstanding 
challenge in cancer chemotherapy. Although problems 
remain to be solved, the experimental results to date justify 
optimism. 
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Properties, Stability, Assay, and Preliminary 
Pharmacokinetics of the Immunomodulatory 
1,2-0 -1sopropylidene -3-0 -3'(N',N'-dimethy lamino- 
n -propyl) -D-glucofuranose Hydrochloride 
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Abstract 0 1,2-0-Isopropylidene-3-O-3’(N’,N’-dimethylamino-n- 
propy1)-D-glucofuranose hydrochloride (I) is a new agent with claimed 
immunomodulatory action and antiviral activity. Thin-layer chroma- 
tographic procedures and identifying tests were developed to separate 
the drug, its synthetic precursors, and solvolytic products, and were ap- 
plied to stability studies. It is stable in 0.1 N NaOH a t  60’ where its acid 
solvolysis product, 3-0-3’-(N’,N’-dimethylamino-n-propyl)-D-g1ucose 
is readily degraded. The partition coefficient of I (pKh = 9.28) between 
chloroform and plasma was 6.4 f 0.2 SEM between pH 10.5 and 11.0. 
Plasma and urine (0.5 ml) adjusted to pH 11.0 were extracted with 10 ml 
of chloroform and the extract evaporated. The reconstituted residue in 
50 pl of benzene, with the diisopropylaminoethyl analog of I as an internal 
standard, was derivatized with 50 p1 of heptafluorobutyric anhydride a t  
60’ for 45 min and was evaporated and reconstituted in 100 pl of benzene 
to be assayed for I by GLC with electron capture detection with a sensi- 
tivity of 5 ng/0.5 ml of biological fluid. The procedure was applied to 


pharmacokinetics in the dog and a two-compartment body model was 
observed with a terminal half-life of 103-130 min. At the 40-mg dose, 
60-64% was excreted renally unchanged and 20-34% as unidentified 
metabolities. At the 200-mg dose 82-85% was excreted renally unchanged 
and 15-17% as unidentified metabolites. The respective renal clearances 
of I were 135 and 163 ml/min. The respective total clearances of I were 
204 and 191 ml/min. These metabolites were apparently unextracted with 
chloroform from biological fluids a t  pH 11 and the liquid scintillation 
counting (LSC) assay of extracted radiolabeled I appeared synononious 
with the GLC assay of I in such fluids. 


Keyphrases 0 Pharmacokinetics-new immunomodulatory and anti- 
viral agent, dogs 0 GLC, electron capture-pharmacokinetics of a new 
immunomodulatory and antiviral agent, dogs Immunomodulatory 
agent-pharmacokinetics of a new immunomodulatory and antiviral 
agent, dogs 


It has been shown (1-7) that 1,2-0-isopropylidene-3- 
0-3’-(N’,N’-dimethylamino - n - prOpyl)-D-glUCOfUranOSe 
hydrochloride, I, exhibits immunomodulatory action and 
antiviral activity and that it possesses pro host action in 
which cellular immune response is augmented and mac- 
rophages are activated (8, 9). The advantageous thera- 
peutic action is to potentiate protective responses of the 
immune system(6) without the inhibition of vital cell ac- 
tions with their concomitant toxicities (4). 


Compound I is a substituted monosaccharide of low 
toxicity, widely different in structure than the clinically 
used nonsteroidal anti-inflammatory agents with high 


incidences of toxicity. An interesting argument for this 
possible activity of the 3-substituted monosaccharide (1-8) 
is that it mimics the immunological activity of the cell walls 
of mycobacteria with its positive cyclic guanosine mono- 
phosphate action and without its negative cyclic adenosine 
monophosphate effect on proliferation. 


The procedure for the synthesis of I, is outlined in 
Scheme I. The diisopropylidene derivative of D-glucose, 
IV, is prepared by the addition of acetone. It is subse- 
quently conjugated with N’,N’-dimethylamino propanol, 
11, in the 3 position. Compound I is then prepared by se- 
lective acid hydrolysis of the 5,6-O-isopropylidene group. 
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the bis(2-chloroethyl)amino moiety. In an attempt to gain further insight 
into this consideration, stereomodels and atomic models were constructed 
for the final products (IIIa-g). From both model types it appeared that 
the hexyl side chain was the appropriate length to allow the terminal 
methyl group to sterically affect the nitrogen atom. The ethyl and butyl 
side chains were too short for such an interaction and side chains longer 
than hexyl appeared subject to repulsion by the chloroethyl groups, thus, 
reducing their steric interaction with the nitrogen atom. Such an inter- 
action between the nitrogen atom and the hexyl side chain could sterically 
hinder the participation of the nitrogen atom in the formation of the 
aziridinium ion intermediate. Such an interaction could reduce the re- 
activity of the hexyl derivative (IIIc) which would in turn reduce its an- 
tileukemic effectiveness and contribute to its relatively low toxicity. 
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Abstract  The absorption, excretion, and metabolism of a single oral 
dose of suxibuzone, a new nonsteroidal anti-inflammatory agent, in 
healthy male volunteers were compared with those of phenylbutazone. 
After oral administration of either suxibuzone or phenylbutazone, phe- 
nylbutazone, oxyphenbutazone, and y-hydroxyphenylbutazone were 
found in the plasma; phenylbutazone was the main metabolite of suxi- 
buzone and phenylbutazone. In the urine, p -y-dihydroxyphenylbutazone 
and several glucuronide conjugates also were found. Spectrometric and/or 
enzymatic analysis showed that these glucuronide conjugates were sux- 
ibuzone glucuronide, 4-hydroxymethylphenylbutazone glucuronide, 
4-hydroxymethyloxyphenbutazone glucuronide, oxyphenbutazone 
glucuronide, and phenylbutazone glucuronides (two types: 0-glucuronide 
and C-4-glucuroxide) after suxibuzone administration, and oxyphen- 
butazone glucuronide and phenylbutazone glucuronide after phenyl- 
butazone administration. The conjugates specific to suxibuzone ad- 
ministration, suxibuzone glucuronide, 4-hydroxymethylphenylbutazone 
glucuronide, and 4-hydroxymethyloxyphenbutazone glucuronide, were 
excreted in the first 6 hr urine. These findings and the pharmacokinetics 
of these metabolites in the plasma and urine show that suxihuzone is a 
prodrug of phenylbutazone. 


Keyphrases 0 Suxibuzone-in uiuo absorption, excretion, and me- 
tabolism compared to phenylbutazone, humans 0 Phenylbutazone-in 
uiuo absorption, excretion, and metabolism compared to suxibuzone, 
human 0 Pharmacokinetics-suxibuzone and phenylbutazone, in uiuo 
humans 0 Anti-inflammatory agents-suxibuzone and phenylbutazone, 
in viva, humans 


Suxibuzone is a derivative of phenylbutazone, in which 
the proton a t  the C-4-position of the pyrazolidine ring is 
replaced by a 6-carboxypropionyloxymethyl group. The 
outstanding feature of the drug is that it has extremely low 
ulcerogenicity (1, 2) although its anti-inflammatory, an- 


algesic, and antipyretic properties are as strong as those 
of an equimolar dosage of phenylbutazone (3). 


This feature of suxibuzone can be understood by com- 
paring the biological fates of suxibuzone and phenylbu- 
tazone; however, there have been no studies on metabolism 
of suxibuzone in humans. Therefore, the present study 
compared the metabolic pathways and pharmacokinetics 
of suxibuzone and phenylbutazone in humans. 


EXPERIMENTAL 


Materials-Suxibuzone’, phenylbutazone’, oxyphenbutazone’, and 
y-hydroxyphenylbutazone’ were used as received. 4-Hydroxymethyl- 
phenylbutazone2 was synthesized and purified. 


Chromatography-HPLC was performed using a p-Bondapak Cle 
column (30 X 0.4-cm i.dJ3, which was fitted with a 254-nm UV detector. 
For low-resolution liquid chromatography, a column (20 X 2.5 cm) packed 
with Amberlite XAD-2 resin (coarse grade 35-50 mesh)4 or Dowex-1 resin 
(200-400 mesh)5 was used. 


GC was carried out under the following conditions: column 5% Silicon 
GE SE-30 on Chromosorb W AW-DMCS 60-80 mesh6, 2 m X 3-mm i.d.; 
column temperature, 275’; nitrogen flow rate, 60 ml/min; and detector, 
flame ion detector. 


TLC was carried out using commercial silica gel plates’ with the fol- 
lowing solvent systems (SS): 


S. A. Esteve Laboratory, Barcelona, Spain. 
Taiho Pharmaceutical Co., Research Laboratory, Tokushima, Japan. 
Waters Associates, Milford, Mass. 
Rohm and Haas Co. 
Dow Chemical Co. 
Shimadzu, Kyoto, Japan. 
Kieselgel60 F254, Precoated, 0.25-mm thick, Merck, West Germany. 
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Figure I-Mean plasma concentration of phenylbutazone, oxyphenbutazone and y-hydroxyphenylbutazone after oral administration of suxibuzone 
or phenylbutazone. Key: -, phenylbutazone; -.-, oxyphenbutazone; - - -, y-hydroxyphenylbutazone; 0, suxibuzone administration, 0 ,  phe- 
nylbutazone administration. 


SS 1: chloroform-methanol-formic acid (100505) 
SS 2: 
SS 3: chloroform-methanol-formic acid (100:405) 
SS 4: chloroform-methanol-formic acid (100:20:5) 
SS 5: chloroform-methanol-acetone-formic acid (100:20:20:5) 


Spectrometric Measurements-Direct inlet mass spectra were 
measured under the following conditions: ionizing energy, 75 eV; ionizing 
current, 200 pA; and acceleration voltage, 7 kV. GC-mass spectrometry 
was performed with a mass spectrometer under similar conditions, except 
that the ionizing energy was 24 eV and by GC under the conditions de- 
scribed above. Field desorption-mass spectrometry was carried out using 
a carbon emitter; acceleration voltage, 7 kV; and cathode voltage, -6 
kV. 


UV spectra were measured in methanol solution. NMR spectra were 
recorded in deuterated methanol with tetramethylsilane as internal 
standard. 


Treatment of Subjects and  Collection of Samples-Six male vol- 
unteers (weight, 54-68 kg; age, 27-35 years), who had had no other 
medication for at  least 2 weeks before the experiments, were randomly 
divided into two groups and given a single 426-mg ( 3  capsules) oral dose 
of suxibuzones or an equimolar amount, 300 mg (3 tablets), of phenyl- 
butazoneg. Four weeks after the first administration, the test was repeated 
on the two groups but interchanging the drug. 


Blood was withdrawn a t  intervals during the first 7 days after drug 
administration and mixed with heparin to rapidly separate the plasma. 
Urine was collected quantitatively for the first 7 days, and feces were 
collected for the first 2 days. The excreta were kept frozen until ana- 
lyzed. 


Identification and Quantitative Analysis of Metabolites i n  
Plasma-Plasma (6 ml) taken from blood of three volunteers 2 and 4 hr 
after drug administration was used for identification of metabolites. The 
sample was diluted with 9 ml of saline, adjusted to pH 2 with 2 N HCl, 


ethyl acetate-butanone-formic acid-water (50:301010) 


Lot 8D 77, 'raiho Pharmaceutical Co. 
9 Butazolidin, Lot 1520 ATOH FF, Japan-Ciha-Geigy. 


and extracted twice with 6 volumes of benzene-cyclohexane (1:l v/v). 
The organic phase was divided into two portions, which were evaporated 
under nitrogen gas. 


One residue was dissolved in a small amount of methanol and chro- 
matographed on a reversed-phase column, using a mobile phase of a linear 
gradient of methanol in 0.05 M KH2P04(0-100% methanol, 8%/min; flow 
rate, 2.0 ml/min) on a high-pressure liquid chromatographlo (4). 


The other residue was dissolved in 100 pl of a freshly prepared solution 
of anhydrous chloroform and N,O-bis(trimethylsilyl)trifluoroacetamidell 
(I) (1:4 v/v) and stood for 1 hr a t  room temperature. The resulting tri- 
methylsilylated derivatives were then analyzed by GC12 and GC-mass 
~pectrometry'~.  


Plasma samples (2 ml) separated 2,4,8,12,24,48,96, and 168 hr after 
drug administration, were analyzed quantitatively by GC using tetra- 
phenylethylene as an internal standard. The recoveries of suxibuzone, 
phenylbutazone, oxyphenbutazone, and y-hydroxyphenylbutazone 
added to plasma a t  concentrations of 5-20 pg/ml were all more than 90%. 
The detection limits were 0.1 pg/ml for suxibuzone, and 0.05 pg/ml for 
other metabolites. 


Identification of Free Metabolites i n  Urine-Samples of 5-10 ml 
of pooled urine were acidified and extracted with benzene-cyclohexane 
and the remaining aqueous phase was then extracted twice with 6 volumes 
of methylene chloride. The organic phases were then treated as described 
for plasma and the metabolites were identified by HPLC, GC, and 
CC-mass spectrometry. 


Identification of Conjugated Metabolites in Urine-Pooled urine 
samples (500-1000 ml) were adjusted to pH 2 and extracted with ben- 
zene-cyclohexane to eliminate free metabolites. The aqueous phase was 
then saturated with sodium chloride and extracted twice with 6 volumes 
of ethyl acetate, and the organic layer was evaporated to dryness. The 


lo Model LC-2, Shimadzu. Kyoto, Japan. 
Pierce Chemical Co. 


l2 Model GC-4CM, Shimadzu, Kyoto, Japan. 
l8 Model JMC-OlSG-2 connected with a JGC-2OK Gas Chromatography, JEOL, 


Tokyo, Japan. 
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Figure 2-Typical examples of thin-layer chromatograms of glucuro- 
nides in urine after suxibuzone or phenylbutazone administration. 


residue was dissolved in distilled water (containing 1% v/v methanol) and 
the glucuronide fraction was obtained by the method of Kamil et al. (5). 
The glucuronide fraction was analyzed by TLC on silica gel. Samples were 
spotted on the gel and developed in two dimensions with solvent, systems 
SS 1 and SS 2. The material visualized by reaction with naphthoresorcinol 
(blue) or anisaldehyde (green-gray), which were not seen on chroma- 
tography of control urine, were scraped off, dissolved in 5 ml of 0.067 
(1/15) M acetate buffer (pH 5.5), and incubated with 1000 U of p-glu- 
cur~nidase '~ at  37O for 3 hr. The samples were then treated in a way 
similar to that described €or identification of free metabolites. 


The four kinds of glucuronides (11,111, IV, V) were isolated and iden- 
tified as follows. The 0-6 hr urine samples from three volunteers were 
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Figure 3-Urinary excretion of unchanged drugs and their metabolites 
after oral administration of suxibuzone or phenylbutazone. Key: 0, 
phenylbutazone; 0, phenylbutazone glucuronide; A, oxyphenbutazone; 
A, oryphenbutazone glucuronide; 0, y-hydroxyphenylbutazone; ., 
suxibuzone glucuronide; -, 4-hydroxymethylphenylbutazone glucu- 
ronide; V, 4-hydroxymethyloxyphenbutazone glucuronide. 
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Figure 4-Elution pattern of I I  and III  onDowen-1. Key: 0, orcinol 
reaction, OD a t  550 nm; X, II; 0, I I I ,  TLC(SS 2), OD a t  254 nm. 


combined and used for isolation of I1 and III; 12-24 hr urine samples were 
used for isolation of IV. In addition, bile from rats treated orally with 
phenylbutazone was used as a source of V to obtain a sufficient amount 
for spectrometric measurement. Each urine sample (1000 ml) was ad- 
justed to pH 2 with concentrated HC1 and extracted twice with 6 volumes 
of methylene chloride. The aqueous phase was applied to an Amberlite 
XAD-2 column, and the fraction eluted with 20-8070 methanol was pu- 
rified by the method of Kamil et al. (5). The glucuronide mixture thus 
obtained was separated on a Dowex-1 column with 60% methanol in 0.01 
N HC1 and by preparative TLC with SS 2. 


The isolated glucuronides were then subjected to spectrometric mea- 
surements. For mass spectrometry, the glucuronides were converted to  
their methyl and methyl acetyl derivatives as follows. The glucuronide 
fraction was dissolved in a small amount of methanol (-500 pl), mixed 
with 5 volumes of ethereal diazomethane, and kept for 20 min at  room 
temperature. The methylated glucuronides were dissolved in anhydrous 
pyridine (500 pl), mixed with an equal volume of anhydrous acetic acid, 
stood overnight, and then precipitated by adding distilled water. 


Bile was collected by cannula from the bile duct of rats (male Wistar, 
200-250 g) over a 24-hr period after receiving 200 mghg phenylbutazone 
by stomach tube. Fifty milliliters of the bile was diluted with 8 volumes 
of a saline solution. The aqueous phase remaining after extraction of free 
metabolites was saturated with sodium chloride and extracted twice with 
6 volumes of ethyl acetate. The extract was evaporated under reduced 
pressure, and the residue was dissolved in a small amount sf methanol 
and subjected to preparative TLC with SS 2. The fraction that released 
phenylbutazone on P-glucuronidase treatment was eluted with methanol 
and purified further with HPLC on a reversed-phase column using 40% 
methanol (flow rate, 1.0 ml/min) as a mobile phase. The samples obtained 
were characterized by UV15, mass spectrometry, and NMR16 spectra. 


Quantitative Analysis of Metabolites in Urine-Samples (5 ml) 
of urine collected 0-6,6-12,12-24, 24-48,48-72,72-96, and 96-168 hr 
after drug administration were used to assay for metabolites. Each urine 
sample (pH 2) was extracted with 10 ml of 0.1 M phosphate buffer (pH 
7.0). The aqueous phase was acidified and extracted twice with 20 ml of 
methylene chloride and the extracts were treated in the same way as 
plasma extracts. This procedure eliminated interfering peaks in the 
chromatogram. 


For determination of the amounts of conjugated metabolites, the 
aqueous phase obtained after extraction with benzene-cyclohexane was 
used. The extracts with ethyl acetate were treated with a mixture of 3000 


l4 Type I, Bacterial, Sigma Chemical Co. 
15 Model 124, Hitachi, Tokyo, Japan. 
l6 Model MH-400, Bruker. 
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Figure 5-NMR spectrum of II. 


U of fi-glucuronidase and 10 U of ~ u l f a t a s e ~ ~  in acetate buffer (pH 5.5) 
a t  37" for 3 hr, and the concentrations of the respective aglycones released 
were determined by GC as described previously. 


The recoveries of synthetic reference compounds in the range of 10-40 
pg/ml by these extraction proceduresawere all >go%. 


Quantitative Analysis of Suxibuzone and Phenylbutazone in  
Feces-The daily feces were homogenized with 3 volumes of water, ad- 
justed to pH 2, and extracted with 5 volumes of benzene-cyclohexane. 
The concentrations of suxihuzone and phenylhutazone were determined 
by GC by procedures similar to those described for urine samples. 


RESULTS 


Identification of Metabolites in Plasma-The metabolites in plasma 
were first analyzed by HPLC. Three specific metabolites with retention 
times of 10.5,10.0, and 9.4 min were observed in plasma after suxibuzone 
administration. These metabolites were identified as phenylbutazone, 
oxyphenbutazone, and y-hydroxyphenylhutazone by comparing their 
retention times to those of authentic samples. No unchanged suxibuzone 
or 4-hydroxymethylphenylbutazone, a possible metabolite of suxibuzone, 
was detected. The plasma extract was also analyzed by GC and GC-mass 
spectrometry after trimethylsilylation of the metabolites. Three me- 
tabolites with retention times of 4.0,7.9, and 6.8 min, corresponding to 
those of trimethylsilylated phenylhutazone, trimethylsilylated oxy- 
phenhutazone, and trimethylsilylated y-hydrophenylbutazone, re- 
spectively, were observed. These metabolites were confirmed further by 
GC-mass spectrometry. The trimethylsilylated derivatives had charac- 
teristic fragments a t  m/z 380(M+), 337,308, and 246 like trimethylsily- 
lated phenylbutazone, a t  468, (M+), 425,396,334, and 246 like trimeth- 
ylsilylated oxyphenbutazone, and at  468(M+), 376,351,338, and 246 like 
trimethylsilylated y -hydroxyphenylhutazone, respectively. No conjugates 
were detected in the residual aqueous phase of plasma remaining after 
extraction with benzene-cyclohexane. Thus, the main metabolites in 
human plasma after suxibuzone administration were confirmed to be 
phenylhutazone, oxyphenhutazone, and y-hydroxyphenylhutazone. 
These metabolites were the same as those observed in plasma after 
phenylbutazone administration. 


Quantitative Analysis of Metabolites in Plasma-The time courses 


'7 Type V,  Sigma Chemical Co. 


of changes in the mean plasma phenylhutazone, oxyphenhutazone, and 
y-hydroxyphenylhutazone concentrations after administration of suxi- 
huzone and phenylbutazone are shown in Fig. 1. The plasma phenylhu- 
tazone concentration was higher than that of other metabolites after 
administration of either suxibuzone or phenylbutazone. The mean plasma 
phenylbutazone concentration reached a maximum of 35.96 and 38.51 
pg/ml as soon as 4 hr after administration of suxihuzone and phenylhu- 
tazone, respectively, and then decreased slowly between 8 and 168 hr, 
corresponding to elimination half-lives of 61.8 f 5.0 ( S E )  hr on suxibu- 
zone administration and 72.3 f 3.6 hr on phenylhutazone administration. 
These values are comparable to that of 70.9 f 5 hr reported by Levi et 
al. (6). 


Change in the plasma oxyphenbutazone concentration exhibited 
similar time courses after administration of suxihuzone and phenylbu- 
tazone; it reached a maximum of -7 pglml after 48 hr and decreased to 
3-4 pg/ml within 168 hr. 


On the other hand, the time course of change in the plasma y-hy- 
droxyphenylbutazone concentration after suxihuzone and phenylhuta- 
zone administrations were somewhat different; namely, it remained <0.1 
pg/ml for at least 168 hr after phenylbutazone administration, but 
reached a maximum of -1 pg/ml at  4 hr after suxibuzone administration. 
The difference between its concentrations 2-24 hr after administration 
of phenylbutazone and suxibuzone was statistically significant (p  < 
0.05). 


These results show that suxihuzone was rapidly deromposed to phe- 
nylhutazone and that the plasma levels of phenylbutazone and oxy- 
phenbutazone after suxihuzone administration were as high as those after 
phenylhutazone administration. 


Identification of Metabolites in Urine-As in plasma, phenylbu- 
tazone, oxyphenbutazone, and y-hydroxyphenylbutazone were extracted 
from urine with benzene-cyclohexane. A metabolite extracted with 
methylene chloride and derivatized with I exhibited a specific peak with 
a retention time of 13.0 min on GC. This metabolite was determined as 
p-y-dihydroxyphenylbutazone by GC-mass spectrometry. The mass 
spectrum of this trimethylsilylated derivative had characteristic fragment 
ions a t  m/z 556(M+), 426,334,246,181,93, and 77, like those reported 
previously (7). No unchanged suxibuzone or 4-hydroxymethylphenyl- 
hutazone was detected in the urine and the specifically determined me- 
tabolites were the same as those found in the urine of subjects treated 
with phenylbutazone. 


Enzymatic Identification of Conjugated Metabolites-An enzy- 
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Figure 6-Elution pattern of IVon Dowex-I. Key:  0,  orcinol reaction, 
OD a t  550 nm; A, IV, TLC(SS 2), OD a t  254 nm. 


matic method was used to identify conjugated metabolites. The glucu- 
ronide mixture was separated by two-dimensional TLC, and the spots 
of material located by color reactions were analyzed by GC-mass spec- 
trometry after hydrolysis with @-glucuronidase and derivatization with 
1. Typical thin layer chromatograms of glucuronides in urine after ad- 
ministration of suxibuzone and phenylbutazone are shown in Fig. 2. 
Analysis of each spot on the chromatogram after suxibuzone adminis- 
tration by GC showed that spot C1 corresponded to trimethylsilylated 
phenylbutazone, spots CZ and C3 to trimethylsilylated oxyphenbutazone, 
and spot C4 to trimethylsilylated suxibuzone and trimethylsilylated 
phenylbutazone, respectively. Chromatograms of urine samples after 
phenylbutazone administration gave spots C1 and Cz which corresponded 
to trimethylsilylated phenylbutazone and trimethylsilylated oxyphen- 
butazone, respectively. When the trimethylsilylated suxibuzone deriv- 
ative of spot C4 was analyzed by GC-mass spectrometry, the mass frag- 
ments coincided with those of the authentic compound; m/z 510(M+), 
485,395,380,264, 183, 173,105,93, and 77. This confirms that spot C4 
contains suxibuzone glucuronide. Spots Cz and C3 both contained tri- 
methylsilylated oxyphenbutazone. Spot C3 was found only in the 0-6 hr 
urine sample after suxibuzone administration, whereas spot CZ was ob- 
served after both suxibuzone and phenylbutazone and gradually became 
larger with increase in the plasma concentration and urinary excretion 
of oxyphenbutazone (Figs. 1 and 3). Hence, spot Cz is considered to cor- 
respond to oxyphenbutazone glucuronide. Similarly, spot C1 was expected 
to be phenylbutazone glucuronide (V) and the glucuronides (111.11) cor- 
responding to spots C3 and C4 appeared only after suxibuzone adminis- 
tration. 


Structures  of Metabolites I1 and 111-Compounds I1 and 111 were 
isolated on a preparative scale by the procedure shown in Fig. 4. Parts 
of both metabolites were converted to their methyl (II/l,III/l) and methyl 
acetyl(11/2,111/2) derivatives. The mass and NMR spectra (Fig. 5) show 
that I1 and 111 are 4-hydroxymethylphenylbutazone glucuronide and 
4-hydroxymethyloxyphenbutazone glucuronide, respectively; i.e., con- 
jugates in which the oxymethyl residue a t  the C-4-position of the pyra- 
zolidine ring is attached to glucuronic acid uia an 0-C bond. In the mass 
spectra of the methyl derivatives II/1 and W/l ,  the presence of glucuronyl 
residue was indicated by molecular ions at  m/z 528 and 558, respectively, 
together with corresponding aglycone fragment ions a t  m/z 338 and 368. 
(Under the conditions used, I11 was dimethylated a t  the carboxyl group 
of glucuronic acid and a t  the hydroxyl group of one of the phenyl rings.) 
This was confirmed by the mass spectra of the methyl acetyl derivatives 
II/2 and IW2; namely, molecular ions were observed at  m/z 654 and 684, 
respectively, indicating triacetylation a t  the three hydroxyl groups of 
glucuronic acid. The existence of an oxymethyl residue was deduced from 
subsequent fragmentation of m/z 338 to 308 (loss of CHFO) for II/1 and 


Figure 7-VVspectra of W a n d  V. 


of m/z 368 to 338 for III/l. Furthermore, the ion set of m/z 338,308,264, 
and 183 observed for II/1 coincided with that of authen ic 4-hydroxy- 
methylphenylbutazone. The fragment ions a t  m/z 368,338,294, and 213 
observed for III/1 were each shifted by m/z 30 relative to the corre- 
sponding fragment ions generated from 4-hydroxymethylphenylbuta- 
zone. This suggests the involvement of a methoxy groups in one of the 
phenyl rings (e.g., C H ~ O C ~ H ~ N + = N C ~ H S  for the fragment ion a t  m/z 
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Figure 8-NMR spectrum of V. 


213) and consequently suggests that  the hydroxyl group in one of the 
phenyl rings is not attached to glucuronic acid. Confirmation of the as- 
signments of the positions of glucuronidation in I1 and 111 were obtained 
from NMR spectra. The 400-MHz spectrum of I1 is shown in Fig. 5. Of 
significance for the assignment of glucuronidation at the oxygen of oxy- 
methyl group is the appearance of an anomeric proton of glucuronic acid 
a t  64.37 ppm and of methylene protons of the oxymethyl group a t  64.22 
and 63.98 ppm, both of which are separated into a doublet with a geminal 
coupling constant of 9.6 Hz. The anomeric proton of glucuronic acid in 
I11 appeared a t  64.36 ppm, which is very close to that in 11. The doublet 
signals ( J  = 9.0 Hz) of aromatic protons a t  66.72 and 67.22 ppm estab- 
lished the existence of the hydroxyl group a t  the para-position of one of 
the phenyl rings in 111. The proposed structures of I1 and 111 are 
shown. 


The aglycones of 4-hydroxymethylphenylbutazone and 4-hydroxy- 
methyloxyphenbutazone obtained by hydrolysis of I1 and 111 seemed to 
be converted to phenylbutazone (or trimethylsilylated phenylbutazone) 
and oxyphenbutazone (or trimethylsilylated oxyphenbutazone), re- 
spectively, during the process of hydrolysis with @-glucuronidase and/or 
trimethylsilylation with I under the conditions used. Hence, the spot Cq 
was concluded to be that of a mixture of suxibuzone glucuronide and 11, 
while spot CB was concluded to be that of 111. 


Structures of IV and V-The existence of C-4-phenylbutazone glu- 
curonide in humans; i.e., a conjugate in which the pyrazolidine ring is 


Table I-Fecal Excretion of Suxibuzone and Phenylbutazone 
after Oral Administration 


Subject 
Number 


mole % of dose 
0-24 hr 24-48 hr 


Suxibuzone Administration 
1 Suxibuzone 0.0 0.0 


P henvlbutazone 0.2 0.2 
2 Suxibuzone 


3 Suxibuzone 
Phen ylbutazone 


Phenylbutazone 


0.0 
0.5 
0.0 
0.2 


0.0 
0.3 
0.0 
0.2 


Phenylbutazone Administration 
1 Phenylbutazone 0.2> 0.2> 
2 Phenylbutazone 0.2> 0.2> 
3 Phenylbutazone 0.4 0.5 


directly attached to glucuronic acid uia a C-C bond and which is not 
hydrolyzed by 0-glucuronidase, was demonstrated previously (8). On the 
other hand, the existence in humans and animals of a phenylbutazone 
glucuronide that can be hydrolyzed by 0-glucuronidase (9, 10) was re- 
ported. Since there is little of this hydrolyzable phenylbutazone glucu- 
ronide in human urine, the structure of this compound(V) was first elu- 
cidated using bile of rats treated with phenylbutazone and then the 
identity of the material in rats and humans confirmed by TLC. C-4- 
phenylbutazone glucuronide (IV) was isolated from human urine. 


The elution pattern of IV is shown in Fig. 6. Compound IV was iden- 
tified as C-4-phenylbutazone glucuronide by mass spectrometry and UV 
studies (Fig. 7). The presence of glucuronic acid in the methyl ester of 
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Scheme I-Metabolic pathway of suribuzone in humans. 


anomeric proton of the glucuronic acid a t  65.10 ppm ( J  = 7.69 Hz) and 
of allylic protons of the n-butyl side chain a t  62.42 ppm. From these re- 
sults it was concluded that V is an 0-phenylbutazone glucuronide. The 
proposed structures of IV and V are as shown. 


When co-chromatographed by two-dimensional TLC with solvent 
systems SS 1 and SS 2, IV and V migrated together giving a single spot. 
Hence, spot CI in Fig. 2 is considered to contain both 0-phenylbutazone 
glucuronide and IV. With solvent system SS 5, however, IV and V were 
separated by TLC exhibiting Rf values of 0.46 and 0.51, respectively. The 
methanol extracts of spot C1 after suxibuzone or phenylbutazone ad- 
ministration were chromatographed with solvent system SS 5 using IV 
and V as reference compounds. The band corresponding to that of V was 
eluted with methanol and treated with P-glucuronidase and the release 
of phenylbutazone was confirmed by GC. The band corresponding to that 
of IV did not release phenylbutazone on P-glucuronidase treatment. 


Quantitative Analysis of the Metabolites in Urine-Figure 3 shows 


IV was evidenced by a molecular ion a t  m/z 498 and a corresponding 
aglycone fragment ion a t  m/z 308. The UV spectrum of IV revealed the 
presence of diphenyldioxopyrazolidine ring with an intact 1,3-dicarbonyl 
system exhibiting a UV absorbance maximum (Amax) a t  236 nm. These 
data coincide well with those reported previously (8). 


Since V was labile under the conditions used for derivatization with 
diazomethane and with I, the molecular ion was detected by field de- 
sorption-mass spectrometry. The field desorption-mass spectrum of V 
showed two ion peaks of a molecular ion a t  m/z 484 and a fragment ion 
a t  m/z 308 corresponding to its aglycone. Positive evidence for an 0-C 
attachment of glucuronic acid was obtained from the UV and NMR 
spectra of V (Figs. 7 and 8). The UV spectrum indicated the presence of 
an enolic dioxopyrazolidine ring exhibiting a UV absorption a t  Amax = 
250 and -265 nm instead of a t  A,,, = 236 nm for IV with an intact 1,3- 
dicarbonyl system. The NMR spectrum established an 0-C attachment 
of glucuronic acid more directly by exhibiting downfield shifts of an 
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the molar percentages of doses of suxibuzone and phenylbutazone ex- 
creted as various metabolites in the urine in different times. (Since 4- 
hydroxymethylphenylbutazone was obtained by hydrolysis of its con- 
jugate with @-glucuronidase and was observed as phenylbutazone on GC, 
the ratio of I1 to 0-phenylbutazone glucuronide by TLC separation was 
determined first. The amount of each metabolite was then calculated 
from the ratio and the total amount observed as phenylbutazone. The 
amount of 111 and oxyphenbutazone glucuronide were determined by 
similar treatments.) As seen in Fig. 3, the composition of metabolites 
excreted in the first 6-hr urine samples after administration of suxibuzone 
and phenylbutazone were different. The 0-6 hr urine after suxibuzone 
administration mostly contained the metabolites specific to suxibuzone 
administration; namely, suxibuzone glucuronide, 11, and 111. The amounts 
of these metabolites excreted were 0.12% of the dose of suxibuzone for 
suxibuzone glucuronide, 0.45% for 11, and 0.44% for 111. The amounts of 
these metabolites were negligible in urine samples collected at  later times 
after suxibuzone administration. 


Only the urinary excretion of y-hydroxyphenylbutazone differed after 
administrations of suxibuzone and phenylbutazone; those of phenylbu- 
tazone, oxyphenbutazone, and their conjugates were similar. The per- 
centages of the urinary excretion of phenylbutazone and O-phenylbu- 
tazone glucuronide during 168 hr after drug administration were 0.93 and 
0.79%, respectively, of the dose of suxibuzone, and 1.20 and 0.95%, re- 
spectively, of the dose of phenylbutazone. Similarly, in the 0-168 hr 
samples, oxyphenbutazone and its conjugate amounted to 0.49 and 2.73%, 
respectively, of the dose of suxibuzone, and 0.63 and 3.42%, respectively, 
of the dose of phenylbutazone. On the other hand, the excretion of 
y-hydroxyphenylbutazone in the first 24-hr urine samples was 2.44% of 
the dose of suxibuzone. This was 15 times that after phenylbutazone 
administration and seems to reflect the concentrations in the plasma. 
At more than 24 hr after administration of suxibuzone and phenylbuta- 
zone, the excretions of y-hydroxyphenylbutazone were similar. 


The cumulative urinary excretion of the metabolites measured 
amounted to -8% of the dose within 168 hr after administration of either 
suxibuzone or phenylbutazone. 


Excretion in Feces-The fecal excretions of suxibuzone and phe- 
nylbutazone are summarized in Table I. The percentages of excreted 
phenylbutazone were <1% of the dose, after both suxibuzone and phe- 
nylbutazone administration. No unchanged suxibuzone was detected in 
the feces; therefore, the absorptions of both drugs appear to be com- 
plete. 


DISCUSSION 


On the basis of the present results on suxibuzone and phenylbutazone 
in humans and findings on phenylbutazone by other groups (7,8,11-15), 
a scheme for the biotransformation of suxibuzone is shown in Scheme 
1. 


Analysis of urinary metabolites elucidated possible pathways of bio- 
transformation from suxibuzone to phenylbutazone. No unchanged 
suxibuzone was observed in the plasma, but the excretion of suxibuzone 
glucuronide in the urine suggests that part of the oral dose of suxibuzone 
is absorbed in an unchanged form and excreted as the glucuronide. De- 
tection of I1 suggests that suxibuzone was hydrolyzed by esterases (9) to 
give 4-hydroxymethylphenyIbutazone, which is considered to be labile 
and to decompose to phenylbutazone spontaneously unless otherwise 
conjugated with glucuronic acid a t  the oxymethyl side chain. The ex- 
cretion of I11 indicates the existence of a pathway in which unchanged 
suxibuzone or an intermediary between suxibuzone and phenylbutazone 
(e.g., 4-hydroxymethylphenyIbutazone) undergoes oxidation at the 
para -position of one of the phenyl rings. Consequently, this means that 
part of the unchanged suxibuzone absorbed can yield oxyphenbutazone 
without being metabolized to phenylbutazone. If this type of pathway 
exists for producing y-hydroxyphenylbutazone (e.g. via a 4-hydroxy- 
methyl-y-hydroxyphenylbutazone), it could explain the significantly 
higher plasma level of y-hydroxyphenylbutazone during a 24-hr period 
after suxibuzone administration. [The higher plasma level of y-hydrox- 
yphenylbutazone after suxibuzone administration may contribute to the 
lower plasma level of uric acid than that after phenylbutazone adminis- 
tration (lo), since y-hydroxyphenylbutazone was reported to enhance 
the excretion of uric acid (16).] The excretions of these metabolites spe- 
cific to suxibuzone in the first 6 hr urine may be the cause of the slightly 
(though not significantly) lower plasma level of phenylbutazone after 
suxibuzone administration. 


Although V hydrolysed by B-glucuronidase in rat or human urine could 
not be detected previously (7, 8), a hydrolyzable 0-phenylbutazone 
glucuronide was isolated, the existence of which has already been sug- 


gested (9,lO). Hence, phenylbutazone undergoes two different types of 
glucuronidation and is excreted in the urine. 


Most ester-type drugs are considered to be hydrolyzed by esterases 
bound to the intestinal mucosa, so the form of the drug which enters the 
portal venous blood will be greatly affected by the activities of these es- 
terases (17-19). This also seems to be the case for suxibuzone, judging 
from the rate of hydrolysis of suxibuzone determined using homogenates 
of intestine of various animals and from the metabolites detected in 
plasma and urine (9). For example, in dogs, in which the intestine have 
very low esterase activity, unchanged suxibuzone was detected in the 
plasma; but in rats, in which the intestine has high esterase activities, no 
suxibuzone was detected in the plasma and no suxibuzone glucuronide 
or I1 were found in the urine. In humans the esterase activity of the in- 
testine is reported to be relatively high (18,19), and no unchanged suxi- 
buzone was detected in the plasma or feces. Moreover, the changes in 
concentration of metabolites in the plasma exhibited almost the same 
time courses after the administration of suxibuzone and phenylbutazone. 
These observations imply that most of the suxibuzone administered orally 
is hydrolyzed to phenylbutazone by intestinal esterases before transfer 
to the portal venous blood. 


The results obtained in the present study indicate that suxibuzone is 
a prodrug of phenylbutazone in humans. The metabolic fate and phar- 
macokinetic properties of suxibuzone ensure that this drug is as effective 
as phenylbutazone. The reason why suxibuzone is less ulcerogenic than 
phenylbutazone is considered to be that suxibuzone remaining in GI 
tracts is not as harmful as phenylbutazone to GI mucosa, since the un- 
changed suxibuzone does not inhibit the function of mitochondria and 
prostaglandin synthetases (unpublished data). 
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Abstract  Solubilities are reported for benzil in carbon tetrachlo- 
ride-alkane (isooctane, n-octane, cyclooctane) systems a t  25’ and in 
similar binary mixtures containing cyclohexane plus alkane. The results 
of these measurements are compared to solution models previously de- 
veloped for solubility in systems containing specific solute-solvent in- 
teractions and to models for purely nonspecific interations. A stoichio- 
metric complexation model based primarily on specific solute-solvent 
interactions requires several equilibrium constants to mathematically 
describe the experimental solubilities in binary carbon tetrachloride 
mixtures, However, there was no direct experimental evidence to suggest 
complexation between benzil and carbon tetrachloride. In comparison, 
expressions derived from the Nearly Ideal Binary Solvent (NIBS) model 
for nonspecific interactions predict experimental solubilities with a 
maximum deviation of 5% and an overall deviation of 1.0%. The success 
of the NIBS approach for this system is significant because the mole 
fraction solubility of benzil changes by a factor of 14 in the carbon te- 
trachloride-isooctane system. 


Keyphrases Solubility-binary solvent systems, specific versus 
nonspecific interactions Solvent systems-binary, specific versus 
nonspecific interactions, solubility 0 Solute-solvent interactions- 
specific versus nonspecific, binary systems 


A knowledge of the thermodynamic activity of a drug 
in a given environment is important in drug design and 
drug product formulation. The development of an effective 
drug often involves altering its solubility through either 
structural modifications or complexation. Ideally, the 
ability to  predict solubility based solely on molecular in- 
teractions between the dissolved drug and surrounding 
solvent molecules is desired. For practical applications, a 
less fundamental approach must often suffice. 


BACKGROUND 


Studies of solute-solvent interactions generally have focused on in- 
tegral thermodynamic properties of binary mixtures. Recently, ther- 
modynamic excess properties of a solute at  high dilution in binary solvent 
mixtures (1-5) have been useful in studying the effects of solution non- 
ideality. Equilibrium constants and enthalpies of hydrogen bond for- 
mation have been calculated from the heats of solution of proton donors 
in mixtures containing a proton acceptor and relatively nonpolar solvent 
(6,7). GLC studies on a binary liquid phase provide another method for 
determining the thermodynamic properties of a solute near infinite 
dilution, and for investigating association complexes between the solute 
and one of the solvent components (4,8-12). Experimental solubilities 
of iodine and stannic iodide in binary solvent mixtures containing ben- 
zene were explained through preferential solvational models (13,14). 


The interpretation of solution nonideality generally has followed two 
dissimilar lines: the “physical” approach originated by van Laar (15) and 
the “chemical” approach proposed by Dolezalek (16). The physical ap- 
proach may be described by a random distribution of molecules 
throughout the entire solution, while the chemical approach may be 
characterized by a specific geometric orientation of one molecule with 
respect to an adjacent molecule. 


Even in systems known to contain specific interactions, the need to 
properly account for nonspecific interactions is recognized. Arnett, et  
al. (7) attempted to separate specific and nonspecific interactions with 
a “pure base” calorimetric method for determining enthalpies of hydrogen 
bond formation. The sensitivity of the numerical results to the selection 
of the model compound and the solvent (17) points out the difficulty in 
separating physical and chemical contributions of solution nonideality. 


Bertrand (18) demonstrated that neglecting nonspecific interactions in 
a chloroform-triethylamine system led to an appreciable error in the 
enthalpy of complex formation determined with an ideal associated so- 
lution model. 


Recent solubility determinations of polar organic solutes in binary 
solvent mixtures containing a polar organic solvent and a nonpolar solvent 
(such as isooctane) have shown the value of considering nonspecific as 
well as specific interactions. 


For example, do large differences between the solubility of a substance 
in two pure solvents necessarily indicate complex formation, or can these 
differences sometimes be just as adequately described with simple mixing 
models based on nonspecific interactions? One report (19) showed that 
solubilities of polar nonelectrolytes in polar nonaqueous solvents could 
not be predicted with the solubility parameter approach of Scatchard 
and Hildebrand. Another report (20) showed that large differences in the 
solubilities of polar organic substances could be mathematically described 
by models that  assume stoichiometric solvate species. In many of the 
systems studied (20), nonspecific interactions were considered unim- 
portant because of the large contributions from specific interactions and 
the fact that  the solubility parameter approach was not adequate. 


A zero-parameter equation was developed (3, 5) which predicted 
solubilities in 35 systems containing naphthalene, stannic iodide, iodine, 
and benzil as solutes where nonspecific interactions dominate with an 
average deviation of 2.2% and a maximum deviation of 25%. The maxi- 
mum deviation occurred in a system (benzil-benzene-cyclohexane) in 
which complex formation was suggested, and if this system is excluded 
from calculations, the maximum deviation becomes 6%. The success of 
the equation is striking because the mole fraction solubility of benzil 
changes by a factor of 14 in the carbon tetrachloride-n-hexane system 
( 5 ) .  


The present report describes how nonspecific interactions may con- 
tribute significantly to the total nonideality of a solution. Equilibrium 
constants calculated via solvational complexation models may not always 
represent only specific solute-solvent interactions, but also the failure 
of the model to properly describe nonspecific interactions. This phe- 
nomenon was further examined by measuring additional solubilities for 
benzil in carbon tetrachloride-alkane (isooctane, n-octane, cyclooctane) 
systems and in similar binary mixtures containing cyclohexane-alkane. 
These systems were selected primarily because the experimental solu- 
bilities of benzil are considerably different in each of the pure solvents. 
The experimental values in the binary mixtures are interpreted with 
models for either specific or nonspecific interactions. 


EXPERIMENTAL 


Reagents-Benzill was recrystallized several times from methanol 
giving a melting point of 95.0 f 0.5” [lit. (21) mp 95.2”]. Cyclohexane2, 
n-heptane3, n-octane4, isooctane3, cyclooctane4, and carbon tetrachloride5 
were all stored over molecular sieves6 to remove possible trace amounts 
of water. Binary solvent mixtures were prepared by weight so that com- 
positions could be calculated to 0.0001 mole fraction. 


Solubility Determinations-Excess solute and solvent were placed 
in amber glass bottles and allowed to equilibrate in a constant tempera- 
ture bath at 25’ for several days. Random duplicate samples were allowed 
to equilibrate for longer periods, but no significant differences in satu- 
ration solubility were observed. Aliquots of saturated benzil solutions 
were transferred through a coarse filter into a tared volumetric flask to 
determine the amount of sample and then diluted quantitatively with 


’ Eastman. 
2 Purity 299.5 Wt  %, Phillips Petroleum Co. 


Purity 299 mol %, Phillips Petroleum Co. 
Gold label grade, Aldrich Chemical Co. 
Spectranalyzed, Fisher Scientific Co. 


6 Linde, Type 4A. 
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Table I-Mole Fraction Solubilities of Benzil in Several  Binary 
Solvent Mixtures at 25" 


Solvent 1 t Solvent 2 XP 
CCI4 t iso-CsHl8 0.0000 


0.1676 
0.3104 
0.4072 
0.4096 ~ ~ ~~ 


0.6057 
0.6358 
0.7246 
0.8266 
1.0000 
0.0000 
0.2494 
0.3791 
0.6180 
0.7919 
0.8704 
1.0000 
0.0000 
0.1893 
0.3475 
0.5774 
0.7763 
0.8582 
1.0000 
o.oo00 
0.2260 
0.3330 
0.5620 
0.7548 
0.8566 
1 .oooo 
0.0000 
0.1081 
0.1877 
0.2997 
0.3750 
0.4358 
0.5851 
0.7129 
1.0000 
0.0000 
0.2468 
0.3763 
0.5978 
0.7892 
0.8737 
1.o000 
0.0000 
0.1773 
0.2575 
0.4158 
0.5839 
0.6524 . . . ~  


0.7559 
1.0000 


0.00587 
0.00797 
0.01068 
0.01360 
0.01368 
0.02249 
0.02463 
0.03126 
0.04368 
0.08082 
0.00587 
0.00670 
0.00724 
0.00838 
0.00935 
0.00980 
0.01067 
0.00659 
0.00718 
0.00778 
0.00874 
0.00959 
0.01001 
0.01067 
0.01454 
0.01395 
0.01354 
0.01266 
0.01178 
0.01133 
0.01068 
0.08082 
0.05542 
0.04299 
0.03077 . .~ .  . 


0.02512 
0.02143 
0.01535 
0.01183 
0.00726 
0.00726 
0.00798 
0.00837 
0.00911 
0.00988 
0.01019 
0.01068 
0.08082 
0.05762 
0.04864 
0.03726 
0.02768 
0.02394 
0.02115 
0.01454 


cyclohexane. Concentrations were determined spectrophotometrically7 
a t  390 nm. 


Experimental solubilities of benzil in several binary solvent mixtures 
are given in Table I. The measurements were reproducible to within 
1.5%. 


THEORETICAL 


Stoichiometric Complexation Model-Stoichiometric complexation 
models have been used frequently to quantitatively explain enhanced 
solubilities of a polar organic solute in binary mixtures containing an inert 
hydrocarbon and a polar cosolvent. The basic model assumes complex- 
ation between the solute, S, and an interacting cosolvent, L (19,20): 


+L + L  s t L =SLF+SLz,. . . SLn 


Scheme I 


Each reaction is described by an appropriate equilibrium constant with 
concentrations expressed in molarities: 


Cary 118. 


22r 0 


20 ~ 


18- 


16-  


*t 


[CCIJTOTAL 
Figure 1-Graphical determination of K1.1 from plots of fractional 
change in solubility versus carbon tetrachloride molarity for  b e n d  in 
several binary solvents consisting of carbon tetrachloride and 0, n- 
octane; 0, n-heptane; Q, n-hexane; o, isooctane; A, cyclohexane; and 
0 ,  cyclooctane. Solubilities in solvent mixtures containing cyclohexane, 
n-hexane, and n-heptane are from Ref. 5. The basic model requires 
additional solute-solvent complexes to explain curvature from the li- 
nearship. (See Eqs. 5 and 6) .  


where [So] is the saturation solubility of solute in pure inert hydrocarbon 
(assumed to represent the free solute concentration in binary mixtures 
as well) and [ L ] ,  is the free (uncomplexed) ligand. 


This particular model assumes only a single solute molecule is present 
in each complex, but the mathematical form of the resulting equations 
is not significantly altered by additional solute molecules per complex. 
The total solubility of solute in any system, [ S T ] ,  can be expressed as: 


[Srl = [Sol + Ki:i[Sol[LIf + K~:IKI :z[SOII~I~~ + . . . (Eq. 3) 


The total concentration of complexing agent, [ L T ] ,  is: 


[LT] = [L]f + K1:1[Sol[L]f + ~K~:IKI:Z[SO][L]~ + . . . (Eq. 4) 
In the absence of solute, the total concentration of interactive cosolvent 


[LT] is equal to [Llnf only if the extent of self-association is negligible. 
Furthermore, the mathematical form of Eq. 3 predicts that  plots of sol- 
ubility versus cosolvent concentration should be concave upward in 
solvents incapable of self-association. 


If only 1:l complexes are present, Eqs. 3 and 4 can be combined to 
give: 


fractional change - - [ST] - [SO] - - K1:l [LT] (Eq. 5) 


A plot of the fractional change in solubility versus ligand added gives a 
straight line. Graphical methods are cumbersome for higher order com- 
plexes, and a first approximation often assumes the amount of ligand in 
complexes is small; [LT] = [L]f. This additional stipulation enables Eq. 
3 to be rewritten as: 


in solubility [Sol 1 + K1:1[Sol 


(Eq. 6) 
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Figure 1-Determination of K1:1 and K1:2 for the interaction of b e n d  
with carbon tetrachloride in several binary solvents a t  25'. (See Eq. 6). 
The binary mixtures contained 0, carbon tetrachloride and n-octane; 
8, n-heptane; 0, n-hexane; 0, isooctane; A, cyclohexane; and 0, cy- 
clooctane. 


K1:2 is calculated from the slope of the linear portion of ([ST] -[So])/ 
[SO][LT] versus [LT] and K1:1 is determined from the intercept. Applying 
Eqs. 5 and 6 to systems not involving complexation should theoretically 
give equilibrium constants of zero. Thus, the model might be expected 
to distinguish between complexing and noncomplexing systems through 
the relative magnitudes of calculated equilibrium constants. However, 
non-negligible K values can be obtained in systems where complexation 
does not occur. 


This particular model includes the basic assumption that the free solute 
concentration [So] is independent of solvent composition, an assumption 
that is not always supported by experimental evidence. Solubilities of 
iodine in binary mixtures of n-hexane-cyclohexane (0.0460-0.00860 M), 
n-hexane-carbon tetrachloride (0.0460-0.116 M), and n-hexane-chlo- 
roform (0.0460-0.176 M) depend on solvent composition (22). Yet the 
violet color of iodine in each of the pure solvents indicates the absence 
of molecular complexes (23). Similar variations are observed for the benzil 
solubilities in the binary mixtures of saturated hydrocarbons given in 
Table I. 


Examination of the behavior of Eqs. 3 and 4 in isooctane-cyclohexane 
mixtures, where association with benzil is considered unlikely, reveals 
that the equations compensate for variations in (So] with solvent com- 
position (0.0353-0.0978 M) either by adjusting numerical values of K I . ,  
or by assuming additional solute-solvent complexes. The larger the true 
variation in the concentration of uncomplexed solute, the larger this 
compensation becomes. Eventually a point can be reached when the 
equilibrium constants derived from Eqs. 3 and 4 no longer represent 
specific solute-solvent interactions, but rather the failure of the particular 
model to properly describe nonspecific interactions. 


Figures 1 and 2 show the graphical determination of potential equi- 
librium constants calculated from Eqs. 5 and 6 for benzil solubilities in 
binary mixtures containing carbon tetrachloride. The various cosolvents 
appear to be grouped along three different curves: one for isooctane, a 
second for the three normal hydrocarbons (n-hexane, n-heptane, and 
n-octane), and a third curve for the two cyclic hydrocarbons (cyclohexane 
and cyclooctane). Presumed equilibrium constants calculated in mix- 
tures containing cyclohexane are not identical to values calculated in 
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Figure 3-Comparison between experimental solubilities (0) and the 
NIBS predictions for benzil in binary mixture of carbon tetrachloride 
and isooctane using Eq. 7 (- - -), and Eqs. 8 and 9 (-). The free energy 
of mixing data for the binary solvent (AF<d is taken from Ref. 40. 


isooctane mixtures. More importantly, the model requires several 
constants to represent mathqmatically the experimental data, and yet 
there appears to be no experimental evidence suggesting complexation 
between benzil and carbon tetrachloride. 


Dipole moment measurements of benzil in benzene and carbon tetra- 
chloride have been interpreted as evidence for specific interactions of 
benzil with benzene but not with carbon tetrachloride (24). The GLC 
retention behavior of carbon tetrachloride and chloroform on a benzil 
stationary phase has been interpreted (25) in terms of London or simple 
dispersion forces in the case of carbon tetrachloride and in terms of hy- 
drogen bonding in the case of chloroform. Actual numerical values of the 
equilibrium constants are not reported to avoid the suggestion that a 
complex is formed between benzil and carbon tetrachloride. Since the 
y-intercept in Fig. 2 gives a presumed K1:1, K1:1 would range from 
0.25-0.35 depending on the choice of cosolvent. 


The Nearly Ideal Binary Solvent Model-The Nearly Ideal Binary 
Solvent (NIBS) approach developed by Bertrand et al. was shown to 
provide reasonable estimates for enthalpies of solution (2). GLC partition 
coefficients (4, 8), and solubilities (3,5) in systems containing only non- 
specific interactions. However, the approach fails for systems with specific 
solute-solvent or solvent-solvent interactions. The general expressions, 
derived from the NIBS model. for uredictine: solubilities in svstems of . -  


nonspecific interactions depend on two models of solution 
ality: 


RT l n ( a ~ p l i d l X ~ t )  = (1 - X!at)z[XP(AGe;)&l 


R T  In(ayplid/Xy') = (1 - (A@)&, 


+ Xg (AGe;);lp=l- (Aq;)] 


+ I& (AGg);l;=i - V3 (XpVl+ XgV2)-' (AG:lf)] 


Equations 7 and 8 are based on the Regular Solution model (23) and 
Eq. 9 is based on the Flory-Huggins model (26-30). In these expressions, 
a3801id is the activity of the solid solute relative to the pure hypghetical 
supercooled liquid, X, is mole fraction, is volume fraction, V,  is the 
molar volume of a pure liquid, and A q f  is the molar excess Gibbs free 
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Figure 4-Comparison between the experimental solubilities (0) and 
the NIBS predictions for b e n d  in binary mixtures of carbon tetra- 
chloride and n-octane using Eq. 7 (- - -), and Eqs. 8 and 9 (-). The free 
energy of mixing for  the binary solvent is taken from Ref. 41. 


energy of the binary solvent mixture relative to Raoult’s laws. The su- 
perscript (0)  denotes the initial binary solvent composition calculated 
as if the solute were not present. With these equations, solubility data 
measured in each pure solvent can be used to calculate the excess partial 
molar Gibbs-free energy of the solute [(Am)+, , (Acp)>p=1]. These 
quantities are then combined with the excess free energy of the binary 
solvent to predict solubility in mixed solvents using a reiterative process. 
The quantity (1 - X $ )  or (1 - @yt) is taken as unity in the first ap- 
proximation and convergence is quite rapid unless the solubility is 
large. 


Graphical comparisons of experimental and calculated values are 
shown in Figs. 3 and 4 for bemil in isooctane-carbon tetrachloride and 
in n-octane-carbon tetrachloride mixtures. Properties used in the cal- 
culation include: (0.224) calculated from the enthalpy of fusion 
(22.15 cal/g) (21) a t  the melting point, and v 3  (183 cm3/mole) estimated 
from the density of the liquid a t  102’ and the coefficient of thermal ex- 
pansion for benzophenone calculated over 50-95’ (31). In general, Eqs. 
8 and 9 are comparable with overall average (rms) deviations of 1.4 and 
1.070, respectively and are superior to Eq. 7 which has an average (rms) 
deviation of 10.0%9. These observations are in agreement with earlier 
findings (2-5) that Eq. 7 is inferior to the other two predictive expressions 
for systems in which the molar volumes differ substantially. 


RESULTS AND DISCUSSION 


Although experimental solubilities can be described by equations 
derived from stoichiometric complexation models, the basic assumption 
that free solute concentration is independent of solvent composition is 
not always supported by experimental evidence. Solubilities of benzil 
in binary mixtures of nonpolar solvents such as isooctane-cyclohexane 
are found to vary with solvent composition. If carbon tetrachloride is 
included as a nonpolar solvent for benzil, experimental solubilities ex- 
hibit a 22-fold range in carbon tetrachloride-isooctane mixtures. Stoi- 
chiometric complexation models that attribute all solubility enhancement 
to the formation of molecular complexes require several equilibrium 


8 For a binary mixture, the excess molar Gibbs free energy over the predictions 
of the Flory-Huggins equation is related tothe defined excess free energy by: AC$ 
= A@+ RT [ln(XPBl+ X!V2) - XP I; V, - Xqln VZ]. 


9 rms deviations (%) = (lOO/N1/2) {x [ln(X%/X~~)]2]’/2. These values were 
averaged for the six different binary solvent systems. The carbon tetrachloride- 
cyclooctane system was not included in these calculations because the excess Gibbs 
free energy was unavailable in the literature. 


constants to describe benzil solubility in binary mixtures containing 
carbon tetrachloride. 


Much smaller ranges have been observed for iodine solubilities in bi- 
nary mixtures of n-hexane-benzene (0.046-0.588 M )  (32), cyclohex- 
ane-benzene (0.083-0.543 M ) (  14), and carbon tetrachloride-benzene 
(0.1 16-0.588 M )  (33) where specific solute-solvent interactions are ex- 
pected to occur. Charge transfer complexes between iodine and benzene 
are well documented (34-36). Based on these observations, the range of 
solubilities encompassed in binary solvent mixtures does not always 
provide a clear indication of the complexing nature of the system. Caution 
should be exercised in inferring specific complex formation models in the 
absence of independent physical evidence for complexation, particularly 
if the model requires several relatively small equilibrium constants to 
describe the system. 


The success of the NIBS approach in predicting the binary solvent 
effect on solubilities, covering up to a 14-fold range (mole fraction), 
suggests the possibility that this model may provide a foundation for 
approximations of the physical interactions even in a system containing 
chemical interactions such as association between the solute and a 
complexing solvent. Extensions of the basic NIBS model to systems 
containing 1:l solute-solvent complex were shown to provide reasonable 
correlations of GLC partition coefficients with a mixed liquid phase (4). 
Through standard thermodynamic relationships, the expression of the 
NIBS model for a 1:l solute-solvent complex (Eq. 25 of Ref. 4) can be 
applied to the solubility of solid substances, without requiring the solu- 
bility of the uncomplexed solute to be independent of solvent composi- 
tion. Similar models have been suggested (37-39) to study the solubility 
of gases and solids in complexing systems. 
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Abstract  0 Microcapsules were prepared by the ethylcellulose coacer- 
vation process which is based on the differential thermal solubility in 
cyclohexane. When a protective colloid, polyisobutylene, was present in 
adequate concentration, individually film-coated core particles formed. 
However, they were accompanied by small empty coacervate droplets, 
detectable by microscopic observation. Below the critical colloid con- 
centration, the product had the form of an aggregate, in contrast to in- 
dividual film-coated microcapsules. Increase of colloid concentration 
yielded microcapsules of higher drug content, because the coating became 
progressively thinner; there was a corresponding increase in the release 
rate of drugs from the microcapsules. Since the initial wall polymer/drug 
ratio and the particle size are constant, the drug content varied with the 
thicknesses of the wall membrane. This is shown here by removal of 
empty coacervate droplets by repeated decantations, enabling determi- 
nation of drug content by chemical analysis. In contrast to results re- 
ported in the literature, in the presence of a protective colloid, micro- 
capsule drug content decreased with decreasing particle size of the drug. 
This was caused by more complete uptake of the wall polymer on the 
increased surface of core material. The effect of protective colloid con- 
centration on the apparent loss of wall polymer as empty droplets closely 
paralleled its effect on the size of stabilized coacervate droplets when core 
material was absent. I t  is proposed that stabilized droplet formation is 
a side reaction when core material is present, causing changes in wall 
thickness. This reaction not only affects the efficiency of the coating 
process but may be utilized to control wall thickness. First-order con- 
stants for drug release from salicylamide and theophylline microcapsules 
followed the same pattern as wall thickness and confirmed the validity 
of the measurements. 


Keyphrases 0 Polyisobutylene-effect on ethylcellulose-walled mi- 
crocapsules 0 Microencapsulation-effect of polyisobutylene on ethyl- 
cellulose-walled microcapsules, wall structure and thickness of salicyl- 
amide and theophylline microcapsules 0 Coacervation-ethylcellulose 
effect on polyisobutylene on microencapsulation process 


Although ethylcellulose is the most widely used coating 
material in microencapsulation, the basic coacervation 
process has been carried out under a variety of conditions 
(1, 2). Previous experimental results demonstrate that 
changes in the basic technique, essentially temperature 
reduction of a hot cyclohexane solution, markedly influ- 
ence the quality and characteristics of the microcapsules 
formed. Among variations introduced has been the use of 


protective colloids such as polyethylene (2,3), butyl rubber 
(4 ,5) ,  and polyisobutylene (6) .  Observation of microcap- 
sules prepared in the absence of a protective colloid (7-9) 
reveals aggregates of coated particles, whereas individual 
microcapsules consisting of single core particles uniformly 
coated are formed when a protective colloid is present 
(3). 


Dhruv et al. proposed ( 1 0 , l l )  that the extent and in- 
tegrity of microencapsulation in the gelatin-acacia coa- 
cervation system is largely dependent on the coacervate 
volume, which changes with various experimental pa- 
rameters in the absence of core material. The effects of 
polyisobutylene on the basic ethylcellulose coacervation 
process was recently studied (12). The polyisobutylene 
concentration was shown to control the phase coacervation 
volume and the final ethylcellulose coacervate droplet size. 
The present work investigated the effect of polyisobutyl- 
ene concentration and particle size of core material on the 
wall/core ratio and drug release from microcapsules. It was 
attempted to relate these parameters to the underlying 
causes revealed by earlier studies. 


EXPERIMENTAL 


Materials-Ethylcellulosel (N-type) had an ethoxyl content of 
47549.0%. The viscosity of a 5% (w/w) solution in toluene-ethanol(8020 
w/w) was 100 cps’. Polyisobutylene2 had a molecular weight of 380,000. 
Salicylamide3 conformed to NF XIV and theophylline4 conformed to BP 
1973. 


Preparat ion of Microcapsules-The method of preparation, de- 
veloped with modifications from an earlier technique ( l ) ,  was described 
elsewhere (12). The core and wall materials5 were added to the stirred 
cyclohexane-polyisobutylene solution (250 or 300 rpm). The mixture was 
then heated to 80”, and allowed to cool a t  a controlled stirring rate to 45O. 


Hercules, Wilmington, Del. 
Oppanol B50, BASF, Ludwigshafen. West Germany. 
Sigma, Saint Louis, Mo. 
May and Baker, Dagenham, England. 
The quantities used were always adjusted to 100 g total weight with cyclo- 


hexane. 
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Pharmacokinetics of the Immunomodulatory 
1,2-0 -1sopropylidene -3-0 -3'(N',N'-dimethy lamino- 
n -propyl) -D-glucofuranose Hydrochloride 
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Abstract 0 1,2-0-Isopropylidene-3-O-3’(N’,N’-dimethylamino-n- 
propy1)-D-glucofuranose hydrochloride (I) is a new agent with claimed 
immunomodulatory action and antiviral activity. Thin-layer chroma- 
tographic procedures and identifying tests were developed to separate 
the drug, its synthetic precursors, and solvolytic products, and were ap- 
plied to stability studies. It is stable in 0.1 N NaOH a t  60’ where its acid 
solvolysis product, 3-0-3’-(N’,N’-dimethylamino-n-propyl)-D-g1ucose 
is readily degraded. The partition coefficient of I (pKh = 9.28) between 
chloroform and plasma was 6.4 f 0.2 SEM between pH 10.5 and 11.0. 
Plasma and urine (0.5 ml) adjusted to pH 11.0 were extracted with 10 ml 
of chloroform and the extract evaporated. The reconstituted residue in 
50 pl of benzene, with the diisopropylaminoethyl analog of I as an internal 
standard, was derivatized with 50 p1 of heptafluorobutyric anhydride a t  
60’ for 45 min and was evaporated and reconstituted in 100 pl of benzene 
to be assayed for I by GLC with electron capture detection with a sensi- 
tivity of 5 ng/0.5 ml of biological fluid. The procedure was applied to 


pharmacokinetics in the dog and a two-compartment body model was 
observed with a terminal half-life of 103-130 min. At the 40-mg dose, 
60-64% was excreted renally unchanged and 20-34% as unidentified 
metabolities. At the 200-mg dose 82-85% was excreted renally unchanged 
and 15-17% as unidentified metabolites. The respective renal clearances 
of I were 135 and 163 ml/min. The respective total clearances of I were 
204 and 191 ml/min. These metabolites were apparently unextracted with 
chloroform from biological fluids a t  pH 11 and the liquid scintillation 
counting (LSC) assay of extracted radiolabeled I appeared synononious 
with the GLC assay of I in such fluids. 


Keyphrases 0 Pharmacokinetics-new immunomodulatory and anti- 
viral agent, dogs 0 GLC, electron capture-pharmacokinetics of a new 
immunomodulatory and antiviral agent, dogs Immunomodulatory 
agent-pharmacokinetics of a new immunomodulatory and antiviral 
agent, dogs 


It has been shown (1-7) that 1,2-0-isopropylidene-3- 
0-3’-(N’,N’-dimethylamino - n - prOpyl)-D-glUCOfUranOSe 
hydrochloride, I, exhibits immunomodulatory action and 
antiviral activity and that it possesses pro host action in 
which cellular immune response is augmented and mac- 
rophages are activated (8, 9). The advantageous thera- 
peutic action is to potentiate protective responses of the 
immune system(6) without the inhibition of vital cell ac- 
tions with their concomitant toxicities (4). 


Compound I is a substituted monosaccharide of low 
toxicity, widely different in structure than the clinically 
used nonsteroidal anti-inflammatory agents with high 


incidences of toxicity. An interesting argument for this 
possible activity of the 3-substituted monosaccharide (1-8) 
is that it mimics the immunological activity of the cell walls 
of mycobacteria with its positive cyclic guanosine mono- 
phosphate action and without its negative cyclic adenosine 
monophosphate effect on proliferation. 


The procedure for the synthesis of I, is outlined in 
Scheme I. The diisopropylidene derivative of D-glucose, 
IV, is prepared by the addition of acetone. It is subse- 
quently conjugated with N’,N’-dimethylamino propanol, 
11, in the 3 position. Compound I is then prepared by se- 
lective acid hydrolysis of the 5,6-O-isopropylidene group. 


0022-3549l82l0400-0387$0 1.0010 
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I1 1,2:5,6-Di-O-isopropylidene- 
3-0-3’4 N',N'-dimethy lamino-n-propy1)- 
D-glucofuranose (R = CH3) 


I R = -CHZCHZCH~-N(CH~)Z 111 3-0-3’-N’,N’- 
1,2-0-isopropylidene-3-0-3’( N,N’- dimethylamino-n- 
dimethylamino-n-propy1)-D-glucofuranose propy1)-D-glucose 
hydrochloride hydrochloride 


R = -CH2-CH2-N(i-C3H7)2 (internal standard) 
V di-isopropylaminoethyl analog of I R = CH:< 


Scheme I-Synthesis and Hydrolysis of I 


Excessive acid hydrolysis could give the dimethylamino- 
propylglucose, 111. The radiolabeled compound I was 
prepared with randomly labeled [‘4C]D-glUCOSe. 


These studies present thin-layer chromatographic 
(TLC) procedures to separate I from its synthetic pre- 
cursors and its solvolysis products. They were applied to 
studies of the acid-base stabilities of these compounds. 
Dissociation constants and partition coefficients as func- 
tions of pH were determined. A sensitive GLC method was 
developed for the assay of I where the heptafluorobutyryl 
derivative was detected by electron capture. This proce- 
dure was applied to preliminary pharmacokinetic studies 
of intravenously administered I in the dog and compared 
to the assay of radiolabeled I in the monitored biological 
fluids. 


EXPERIMENTAL 
Materials-The following analytical grade materials were used: acetic 


acid’, sodium acetate’, sodium phosphate dibasic’, potassium phosphate 
monobasic’, sodium carbonate’, sodium bicarbonate’, ammonium hy- 
droxide’, phosphoric acid2, sulfuric acid’, volumetric concentrates of 
sodium hydroxide3 and hydrochloric acid3, nanograde benzene’, n-butyl 
alcohol’, chloroform suitable for GC4, methylene chloride’, absolute al- 
coho15, ethyl acetate4, nanograde hexanel, isopentyl alcohol6, methanol4, 
n-propanolz, heptafluorobutyric anhydride7, and a silylating agents. 


~~ 


Mallinckrodt lnc., Saint Louis, MO 63147. 
J. T. Baker Chemical Co., Phillipsburg, N.J. 
Ricca Chemical Co., Arlington, TX 76012. 
Burdick and Jackson Laboratories, Muskegon, MI 49442. 
U S .  Industrial Chemicals Co.. New York. NY 10016. 
Allied Chemical, Morristown, N.J. 
Supelco Inc., Bellefonte, PA 16823. 


8 Silyl 8, a silylating agent and ninhydrin, Pierce Chemical Co., Rockford, IL 
61 105. 


Precoated silica gel platesg were used for TLC separation. The following 
spray reagents were used: 1% ninhydrin8 in alcohol, 4% 2,3,5-triphenyl- 
2H-tetrazolium chloride10 in methanol, 3.5% p-anisidine hydrochloride’” 
in n-butyl alcohol-alcohol-water (4:1:1), 3% copper acetatez in 18% 
phosphoric acid. TLC plates were also placed in tanks containing resu- 
blimed iodine”. 


1,2-O-Isopropylidene- 3 -0-3’(N’-N’-dimethylamino-n-propyl)- 
D-glucofuranose hydrochloride (I), the diethylaminoisopropyl analog 


of I, [1,2-O-isopropylidene-3-O-3’(N’,N’-diethylaminoisopropy~)-~- 
glucofuranose hydrochloride] (VI), and the GLC internal standard di- 
isopropylaminoethyl analog of I, [1,2-0-isopropylidene-3-0-3’(N’,N’- 
diisopropylaminoethy1)-D-glucofuranose hydrochloride] (V) were re- 
ceived as hydrochlorides12. Diisopropylidene glucose12, IV (mp 106’) 
(1,2,5,6-di-0-isopropylidene-D-glucose), monoisopropylidene glucoseI2 
[VII (mp 154-155’) 1,2-0-isopropylidene-D-glucose], dimethylamino- 
n-propyl-D-glucose hydrochloride” [111 (mp 131-133’), 3-0-3’(N’,N’- 
dimethylamino-n-propy1)-D-glucose hydrochloride], glucose2, and lac- 
toseI3 were also used as standards for TLC. 


Radiolabeled I, randomly I4C-labeled in the glucose componentL4 
(324.0 mCi/mmole), was used to prepare doses for the pharmacokinetic 
study. [‘4C]Urea’5 (55 mCi/mmole) was the internal standard for the 
radioactive assay. A toluene-based scintillation cocktail’6 was used in 
the radioactive assays. 


Apparatus-A gas chromat~graph’~ equipped with a 63Ni-electron 
capture detector was used. Silylated 1.83-m glass columns were packed 
with 4% SE 30 and 6% OV 210 on 100/120 chromosorb W-HP7. The col- 
m n  temperature was maintained a t  190’; injector temperature was 230°, 
and detector temperature 300”. The flow rate of the carrier gas (95% 


Silica gel 60, E. Merck Laboratories, Elmsford, NY 1U52:i. 
10 Eastman Kodak Co., Rochester, NY 14650. 
l1 Fisher Scientific Co., Fair Lawn, NJ 07410. 
l2 Greenwich Pharmaceuticals, Greenwich, CT  06830. (The I used was Lot 


l3 Strategic Medical Research Corp., Chicago, IL 60680. 
l4 Lot #1141-220, New England Nuclear, Boston, MA 02118. 
l5 Lot #921885, ICN Pharmaceuticals, Irvine, CA 92715. 
l6 Scinti Verse, Fisher Scientific Co., Fair Lawn, NJ 07410. 
l7 Model Sigma I Perkin-Elmer, Norwalk, CT 06856. 
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Figure I-Quantitative TLC analyses, Area = Tab versus pg, of I ( 0 ,  
.), and 3-0-3'(N',N'-dimethylamino- n-propy1)D-glucose hydrochlo- 
ride, I I I  (0, m) as developed in n-propanol-ethyl acetate-water- 
NH40H (6;1;4:1). Key: open symbols are for the areas of the elliptical 
spots determined from the product of the orthogonal radii, a X b and 
r from ninhydrin Visualization; closed symbols are from visualization 
after charring with 50% H2S04. Various volumes of lO-pg/pl materials 
were spotted a t  the origin with successive application and drying. 


argon-5% methane) was 30 ml/min. 
Radioactivity of samples was determined with a liquid scintillation 


counter's. 
GLC Assay of I-A solution (0.05 ml) of internal standard [ 10 pg di- 


isopropylaminoethyl analog of I hydrochloride (V)/ml of distilled water] 
was added to an aliquot (<0.5 ml) of urine or plasma, which was diluted 
to 0.5 ml with distilled water. After adjustment to pH 11.0 with 0.1 N 
NaOH 0 5 0  pl), the solution was extracted with 5 ml of water-saturated 
chloroform. The samples were shaken for 15 min and ~entr i fuged '~ a t  
3000 rpm for 15 min. 


The aqueous phase was removed by aspiration and 4 ml of the chlo- 
roform phase was transferred into 5-ml silylated reaction vials7 and 
evaporated to dryness under a nitrogen streamzo at room temperature. 
Benzene (50 pl) and heptafluorohutyric anhydride (50 pl) were added 
to derivatize the extracted I and the diisopropylaminoethyl analog, V, 
with shaking for 45 rnin a t  60" in heating blocksz1. The cooled reaction 
vials contents were evaporated (30 min) under a nitrogen stream at room 
temperature. The residue was reconstituted in 100 pl benzene and 1 pl 
was injected into the gas chromatograph. 


Calibration curves were prepared using the same amounts of blank 
urine or plasma spiked with 0,20,40,60,80,100,120,140, and 160 ng of 
I. 


Thin-Layer Chromatography (TLC)-Glass plates coated with 
silica gel were used to separate the following materials (5Opg) using the 
system n-propanol-ethyl acetate-water-NH1OH, 6:1:4:1. The following 
R, values were obtained: diisopropylidene glucose (IV), 0.83; I (0.58); 
monoisopropylidene glucose (VII), 0.54; glucose, 0.32; diethylaminoiso- 
propyl analog of I, (VI), 0.27; dimethylaminopropylglucose (III), 0.20; 
and lactose, 0.20. Compounds I and I11 could be detected by iodine vapor 
on the plate. Compound I could be detected as a purple spot when the 
plate was sprayed with 1% ninhydrin in ethanol, and VI and I11 gave burnt 
yellow colors after heating the plates 10-15 rnin at  l l O o .  The compounds 
IV and VII, could not be detected with this reagent although the glucose 
spot gave a yellow coloration. Glucose compounds I11 and VI gave an 
orange spot when sprayed with 4% tetrazolium hydrochloride in methanol 
after heating 5 min a t  110' or a brown spot when sprayed with 3.5% p- 
anisidine in n-butanol-ethanol-water (4:l:l) after heating 10 rnin at  l l O o ,  
~~ ~~~ ~ 


1UTricarb 4h0 CD, Packard Instrument Co., Downers Grove, IL 60515. 
19 International Centrifuge, International Equipment Co., Needham Heights, 


20 The Meyer N-Evap, Organomation Associates Inc., Shrewsburry, MA 


21 Reacti-therm Heating Modules, Pierce Chemical Co., Rockford, IL 61105. 


MA 02194. 


01545. 


+ . - .c  


2 4  6 810 0 2 4 6  
RETENTION TIME, rnin 


Figure 2-Typical GLC chromatograms of heptafluorobutyrylated I ,  
and  the internal standard diisopropylaminoethy1 analog of I ,  (V) in 
plasma and urine as well as deriuatized blank urine and plasma sam- 
ples, detected by electron capture. The signals are labeled as to their 
relative amplification for comparison. The vertical dashed lines rep- 
resent the retention times of derivatized I and internal standard. The 
amounts and volumes of biological samples assayed are given 


while I gave no coloration. 
All spots could be visualized with 3% copper acetate in 18% phosphoric 


acid after heating for 30 rnin a t  l l O o  or after charring with 50% sulfuric 
acid for 10-15 min a t  120O. 


Preliminary Studies of Extractabil i ty by TLC-Several organic 
solvents (5 ml) were used to extract 10 mg of I from 3 ml of pH 10 aqueous 
solution and 10 mg of 111 from 2 ml of pH 10 aqueous solution. The mix- 
tures were vortexed for 30 sec and centrifuged for 5 min a t  2000 rpm. 
Aliquots of the organic layer (100 pl) were spotted on the silica gel plates 
and the developed spots a t  the R f  of I were visualized by charring with 
50% sulfuric acid spray and compared with developed spots after the 
application of standard I and dimethylaminopropylglucose solutions. 


Hexane and hexane with 2% isopentyl alcohol extracts showed no de- 
tectable spots at  the Rf of I, whereas benzene and hexane with 10 and 20% 
isopentyl alcohol showed small faint spots of I. The chloroform and 
methylene chloride extracts of I gave spots of the same size and intensity 
as the developed standard. Benzene extracts of I gave spots but a t  less 
intensity than with chloroform. Compound 111 was apparently not sig- 
nificantly extracted in any of these solvents as no spot was apparent from 
the organic extracts a t  the Rf  of standard 111. 


Quantitative Analysis by TLC-Amounts (1-32 pl, 10-320 pg) of 
I and I11 were spotted on several TLC plates and developed in the system. 
One plate was visualized with ninhydrin (purple for I, orange for 111) and 
one plate was visualized after spraying with 50% sulfuric acid and 
charring. The areas were estimated from the product of the horizontal 
and vertical radii times r. Plots of these areas versus spotted amounts 
for the two visualizations are given in Fig. 1. 


Stability Estimates by TLC-Solutions (10 mg/ml) of I and I11 were 
prepared in water, 0.1 and 1.0 N NaOH, and 0.1 and 1.0 N HCI and 
maintained at  30 and 60". Aliquots (20 pl) of these solutions were spotted 
on the TLC plates at intervals, and the developed spots visualized after 
spraying with ninhydrin and/or by charring with 50% sulfuric acid. The 
samples in alkali were neutralized with acid before spotting. 


Potentiometric Titrations of I-Compound I (29 mg, 0.08486 meq) 
was dissolved in 20 ml water which contained 200 pl of 1.839 N NaOH 
and potentiometrically titrated with 1.967 N HCl with a microburette. 
Similar solutions without I were titrated similarly and the pH was plotted 
against the difference in milliliters necessary to achieve the same pH 
values. A typical potentiometric titration curve by this method (10) was 
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Table I-Organic/Aqueous Parti t ion Coefficients of 500 ng  of I Between Vore ml of Chloroform and  V,, ml of Buffer o r  Plasma a t  
Room Temperature 


DH V." VO,, k'*  k" 


7.34 
7.52 
7.72 
8.07 
9.29 
9.61 


10.07 
10.44 


0.5 
1 .o 
1 .o 
1.0 
1.0 
1 .o 


20.0 
20.0 


11.02 5.0 


Buffer Solutions 
11.0 0.064 
10.0 
5.0 


0.070 
0.153 


1.0 0.319 
1.0 


10.0 
1.0 
1.0 


3.75 
3.23 
4.66 
5.63 


5.63 
4.11 
5.70 
5.50 
7.41 
4.74 
5.42 
6.02 


1.0 6.10 6.10 
Average 5.63 f 0.31 SEM 


Dog Plasma 
10.10 5.0 1 .o 8.4* 
10.5 5.0 1.0 6.0 
10.5 5.0 1.0 6.5 
11.0 5.0 1 .o 6.7 
11.0 5.0 1.0 6.2 


Average f i 5  f 0.16 SEM 


k = (1 + 10-pH/Kh) k' where Kb = 5.25 X 10-lo. Omitted from average. 
obtained. The pH at  half titration between the two inflection points gave 
pKb values of 9.20 and 9.28 and the apparent equivalent weight of the 
titrated I was 380 (theoretical, 342). 


Partition Coefficient-A stock solution of the base of I was prepared 
in chloroform by the extraction of 0.20 ml of a sodium carbonate buffer 
solution (pH 10) containing 100 pg of I with 10 ml of chloroform. This 
10 pg/ml solution of free base (as I equivalent) was diluted 10-fold to give 
a stock solution of 1.00 pg of I as the free base in 1.00 ml of chloro- 
form. 


Partition studies between appropriate volume ratios of water-saturated 
chloroform and buffer solutions of various pH values were effected by 
shaking the mixture for 15 min and then centrifuging. Higher relative 
volumes of the organic phase were used at  the lower pH values and of the 
aqueous phase at  higher pH values (Table I). Aliquots (0.9 of the re- 
spective volumes) of the aqueous and organic phases were taken. The 
organic phase was evaporated to dryness under nitrogen, derivatized, 
assayed by the GLC method, and the peak height ratio (PHR,,,) to the 
internal standard diisopropylaminoethyl analog of I, (V) determined. 
The volume of aqueous phase taken was adjusted to pH 11.0 with NaOH 
and extracted with 10 ml chloroform and 9 ml of CHC13, taken to dryness, 
derivatized, assayed by the GLC method, and the peak height ratio 
(PHR,,,) to V determined. The extracted aqueous phase was re-extracted 
with chloroform and the reclaimed I was assayed (PHR,,,). 


Preparation of t he  Pharmacokinetic Dose-A volume of 2.8 ml of 
the I-[14C]glucose solution, containing 1.5 mg of I-[14C]glucose hydro- 
chloride with a labeled specific activity of 324.0 mCi/mmol, was mixed 
with 58.5 mg of I for the 40-mg dose, or with 298.5 mg of I for the 200-mg 
dose, and with 12.2 ml of sterile isotonic saline. Aliquots (10.00 ml) were 
injected as intravenous bolus over 20 sec into the dog. The theoretical 
specific activity was 8.10 mCi/mmol of 1 for the 40-mg dose and 1.62 
mCi/mmole of the 200-mg dose. 


The experimental specific activity was determined by mixing 10.00 
pl of the prepared dosing solution with 10 ml of liquid scintillation fluid. 
The-capped vialszz were adapted to the dark for a t  least 6 hr before 
counting in the liquid scintillation counter. Experimental specific ac- 
tivities were 7.82 f 0.03 ( S E M )  mCi/mmole and 1.554 f 0.004 ( S E M )  
mCi/mmole for the 40- and 200-mg dosing, respectively, and were used 
in the assays. 


Counting Efficiencies -Counting efficiency in samples was esti- 
mated by the internal standard method. Selected samples of blank and 
drug-affected plasma or urine and samples of aqueous and organic phase 
after extraction of plasma and urine were counted before and after the 
addition of 22,000 dpm of internal standard [l4C]urea with a specific 
activity of 55 mCi/mmole. All capped vialsz2 were dark-adapted for a t  
least 6 hr before counting in the liquid scintillation counter. The counting 
efficiencies in the systems approached loo9r0,99.0 f 0.6 ( S E M )  % in blank 
and in drug-containing biological fluids. There were no significant 
quenching effects of 10-200 pi of dog urine or dog plasma when such 
amounts were added to 10 ml of liquid scintillation fluid. 


Total  Radioactivity-The total radioactivity of a plasma or urine 
sample was determined from the addition of 0.01-0.2 ml of plasma or 


22 Kimble, Division of Owens-Illinois, Toledo, OH 43668. 


urine to 10 ml of liquid scintillation fluid. The capped vials were dark- 
adapted for a t  least 6 hr before counting in the liquid scintillation 
counter. 


The values (counts per minute) were converted to disintegrations per 
minute (dpm) by dividing by the counting efficiency after subtracting 
background. The total concentration of radio-labeled substances as I 
equivalents was calculated by dividing the dpm values by the specific 
activity and by taking into account the volume of plasma or urine as- 
sayed. 


Determination of Radiolabeled Substances After Extraction of 
Plasma o r  Urine-Plasma (0.025-0.5 ml) or urine (0.005-0.5 ml) was 
transferred into a 15-ml silylated centrifuging tube. Distilled water was 
added to a volume of 0.5 ml, and the pH was adjusted to -11.5 with so- 
dium hydroxide solution (0.1 N o r  l N). The mixture was extracted with 
5 ml of water-saturated chloroform by shaking for 10 min. The phases 
were separated by centrifugation a t  3000 rpm for 10 min. An aliquot of 
the aqueous phase (0.3 ml) was transferred into a scintillation vial and 
liquid scintillation fluid (10 ml) was added. The counting efficiency of 
the aqueous phase was 99.0 f 0.4 (SEM)% for plasma and 93.1 f 0.5 
@EM)% for urine. An aliquot of the organic phase (4 ml) was evaporated 
in a scintillation vial under nitrogen at  room temperature. Liquid scin- 
tillation fluid (10 ml) was added to the residue. The capped vials were 
dark-adapted and counted. The counting efficiency was calculated by 
the internal standard method already described. The counting efficiency 
was 96.7 f 0.4 (SEM)% for the organic extract of plasma and 93.8 f 0.8 
(SEM)% for that of urine. 


Concentrations, CIS', of I in biological fluids were calculated from 
liquid scintillation counting (LSC) by dividing the disintegrations per 
minute per milliliter of organic extract by the extraction efficiency (f1 
= 0.984) and by the experimentally determined specific activity of I (fz), 
which was 50,304 dpm/pg for the 40-mg dose and 9995 dpm/pg for the 
200-mg dose. Thus, when the ratio, r ,  of milliliters of organic phase to 
milliliters of biological fluid is known, CIS' can be determined as fol- 
lows: 


Cksc = concentration of I as hydrochloride in biological fluid 
dpm/ml organic phase 


X r (Eq. 1) - - 
f l  X f z  


There are two methods to calculate the concentrations of radiolabeled 
substances in plasma or urine which cannot be assigned to I per se, pre- 
sumably the metabolite concentration, CM. This is the concentration in 
the aqueous phase of compounds that are not I expressed in equivalents 
of I as the hydrochloride after extraction of I from plasma or urine. The 
direct method for calculation, C p t ,  is to divide the disintegrations per 
minute per milliliter of the aqueous phase after extraction by the specific 
activity of I (f2) and to subtract the unextracted concentration of I that 
remained in the aqueous phase: 


drochloride of I in biological sample 
Cdirect M = apparent metabolite concentration as equivalents of the hy- 


dpm/ml of extracted aqueous phase 
f z  


- - - (1 - f i )Cbsc (Eq. 2) 
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Figure 3-Semilogarithmic plots of plasma levels of I ( 0 ,  a) and ap- 
parent total metabolite (0, A) in equivalents of I as the hydrochloride 
versus t ime for the 40- and 200-mg intravenous doses in the  same dog. 
The  symbols represent the GLC assayed I concentrations (C","", 0) and 
the LSC assayed I concentrations (Cfsc, Eq. 1, a) obtained from ra- 
dioactivity measurement of the organic extract. The lines, C = ZAie-"i*, 
drawn through the I data were calculated from the parameters given 
in Table II .  The  plotted apparent plasma metabolite concentrations 
were obtained by direct LSC assay of the extracted plasma ( C P ' ,  Eq. 
2, 0) and from the difference between the  total plasma radioactivity 
count and that due to I concentrations in plasma (Cvl, Eq. 3, A). The  
solid lines drawn through the data were calculated apparent plasma 
metabolite level values based on the direct LSC assay of the  previously 
extracted urine samples (Eq. 2) in accordance with Eq. 14 using Cl::, 
- C1, = 30.4 and 18.5 mllmin, and VM = 4037and 3728 ml for the data 
of the 40- and 200-mg doses, respectively. The  dashed line through the 
200-mg dose data was also based on this direct LSC assay of preoiously 
extracted urine (Eq. 2) but used Cl::, - CI, = 27.3 ml /min  with VM = 
16,852 ml in  Eq. 14. T h e  dashed line through the 40-mg dose data was 
based on the urine assays conducted by taking the differences between 
total radioactivity and that due to I (Eq. 3) where CIEit- C1, = 42.2 
ml /min  and VM = 4078 ml. 


The alternative difference method for estimating CGff is to subtract 
the concentration, Cksc, of I calculated from Eq. 1 from the apparent 
concentration, Ctot, estimated from the liquid scintillation counting of 
unextracted urine or plasma: 


(hydrochloride) equivalents in biological sample 


Cdiff = 
M apparent metabolite concentration as I 


- CkSc (Eq. 3) - dpm/ml of unextracted plasma or urine - 
f z  


Pharmacokinetic Studies in the Dog-The selected dog had phys- 
iological values in the normal range: white cell count, 19,900 ce11s/mm3; 
sedimentation rate, 5 min/hr; and packed cell volume, 43%. Tests for 
microfilaria were negative. The pharmacokinetics of 14C-radiolabeled 
I in this dog were studied with intravenous bolus doses of 40- and then 
200-mg after a 2-month interval. 


Table 11-Pharmacokinetics of Intravenous 1 in a 20-kg Dog 


Dose (Do) ,  mg 40 200 
Specific activity, dpm/pg 50304 9995 
Aa, pg/rnl 3.4 11.5 
B" 1.19 5.30 
a", min-I (t l lz ,  min) 0.195 (3.6) 0.160 (4.3) 
103pa 6.68 (104) 5.44 (127) 
Bb 6.36 (109) 5.18 (134) 
Clearances, ml/min 
C16,C 204.4 191.2 
Clf,"d 135 163 
c1;ite 69.4 28.2 
C l S  - Cl! 42.4g, 30.4" 27.3hJ, 18.5hJ 
c1: 27g, 39h 0.9hv', 9.7hJ 
Cl:nd 103.0g, 67.0" 1016, 76h 
Apparent distribution volumesL 
V p  8.7 11.9 
V p  30.6 35.1 


V%' 4.08g, 4.041 3.28h.', 18.5"J 
Disposition, fraction of doseq 
Z U!,/Dose O.6Or, 0.64s 0.82', 0.85s 
Z U!?/Dose 0.34g, O.lSh 0.1686, 0.145h 
B U'Ot/Dose O.94gvr, 0.98S1' 0.99g*', 1.02gz" 


0.78"2', 0.82h+ 0.97h*r, l .OOh-S 


VIdextrapO 33.6 37.7 


Parameters estimated from best fit of [I] (as hydrochloride) in plasma against 
time (Fig. 3) in accordance with [I] = Ae-"t + B e - @ .  * Estimated from Z- plot 
of lo (XU!. - ZU') = -/3/2.303 t + log ZU', (Fig. 4). Total clearance of I, Dose/ 
A d - , .  where AUC, is the total area under I plasma level-time plot. Renal 
clearance of 1 (or total metabolite) consistent with ZU = Cl,,,AUC (Fig. 5) where 
AUC is the area under I (or metabolite) plasma level-time plot for the time when 
the cumulative amount of I (or metabolite) in the urine, Z U ,  was measured. The 
values for I were consistent with the renal clearance plots of Fig. 6. The total 
metabolic clearance is the difference between the total and renal clearances of I, 
Cl6,- Clf.,,. f Determined from intercept and doye of linear plots in accordance 
with Eq. 13, ZU'IAUC' = - Vhl[MJ/AUC' + Cl$et - C1. (Fig. 7). g From plots in 
Figs. 5 and 7 for ZUM data based on urinary amounts of metabolite calculated from 
the differences between total urine radioactivity count and that due I in urine (Eq. 
3). h From plots in Figs. 5 and 7 for ZUM data based on urinary amounts of me- 
tabolite calculated from the direct LSC assay of I-extracted urine (Eq. 2). ' Data 
from linear fitting in Fig. 7 of 200-mg dose data between 27 and 250 min. Data from 
linear fitting in Fig. 7 of 200-mg dose data between 250 and 850 min. Clearance 
of I by processes other than renal or the metabolic process that produced metabolites 
into the circulating body fluids to be subsequently renally excreted as metabolite. 


Apparent volume of central 
com artment for I, Dose/(A + B ) .  Apparent overall volume of distribution for 


compartment body model, DoselB. p Apparent overall distribution volume for 
metabolite. q Estimated from asymptotes of ZLi versus time plots of Fig. 5. Based 
on GLC assay of urine. s Based on LSC assay of organic extract of urine (Eq. 1). 


Referenced to total concentrations in plasma. 


I, Cl,JD. B 0 Apparent extrapolated distribution volume for I on presumption of one- 


The dog was trained for several days before the experiments. He was 
placed on a table in a standing position and was restrained by separate 
straps around the forelegs and hindlegs and fixed to a horizontal bar 
above. 


The day before the experiment the dog was weighed. Body weight was 
18.6 kg a t  the first 40-mg dose and 20.9 kg a t  the 200-mg dose. 


After intramuscular administration of 0.75 ml of ketamine hydro- 
chloridez3 equivalent to 100 mg/ml ketamine, one external jugular vein 
of the neck was exposed and cannulated under sterile conditions with 30 
cm of a catheterz4. At least 20 cm was inserted into the vein. The incision 
was closed after the patency of the cannula was verified and it was filled 
with heparinized saline. Heparinized saline (100 units/ml) was prepared 
by adding 3 ml of heparinz5 (1000 units/ml) to 30 ml of bacteriostatic 
sodium chloride solutionZ6. The dog was transferred to a metabolism cage 
and fasted overnight with water, ad libitum. 


On the following day the dog was restrained on the table in the standing 
position. The dog was water-loaded orally 30 to 60 min before drug ad- 
ministration with 150 ml of tap water and was continuously infused with 
0.9% NaCl solution (1 ml/min)z7 via a three-way stopcockz8 into the 


23 Ketaset, Veterinary Products, Bristol Lab., Syracuse, NY 132U1. 
z4 Intracath, intravenous placement unit, catheter size 16 GA, catheter length 


2s Lipo-Hepin, 1000 U.S.P. units per ml (heparin sodium for injection), Riker 


26 Bacteriostatic sodium chloride inj. U.S.P., Invenex, Chagrin Falls, OH 


27 Sodium chloride injection U.S.P. McGaw Lahoratories, Irvine. CA 92714. 
28 Pharmaseal Inc., Toa Aka, PR 00758. 


12 inch, needle size 14 GA, Deseret Pharmaceutical Co., Sandy, UT 84070. 


Lab. Inc., North Ridge, CA 91324. 


44022. 
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Figure 4-Semilogarithmic plots of amounts of I not-yet-excreted 
versus time where ZU', is 25.74 mg for the 40-mg dose (0 = 6.45 X 
min) and is 170.4 mg for the 200-mg dose (p  = 5.18 X rnin). Key: 
(0) data obtained from GLC assay of urine; (@) data f rom LSC assay 
of the  organic phase of extracted urine. 


catheterized jugular vein. A transurethral catheterz9 was placed under 
sterile conditions to collect bladder urine. 


The saline drip was halted before the drug administration and a 10-ml 
blank blood sample was withdrawn from the jugular catheter via the 
three-way stopcock into a sterile, disposable syringe30 after the dead space 
of the catheter (0.5 ml) had been filled with undiluted blood. The saline 
drip was reconnected. The blood samples taken at intervals were trans- 
ferred immediately to 15-ml tubes31 containing 143 USP units of sodium 
heparin and were carefully mixed and c e n t r i f ~ g e d ~ ~  a t  1500 rpm for 10 
min. The plasma was transferred to a 15-ml tube31 without additive with 
a Pasteur pipet and the tube was stoppered and frozen. 


Urine was collected before and after the drug administration at in- 
tervals via the transurethral catheter using a sterile 20-ml syringe30. 


A 14C-labeled I solution of a known amount and specific activity was 
injected into the jugular vein catheter over 20 sec. The dosing syringe and 
catheter were flushed with 10 ml of sterile saline into the jugular. 


Blood was sampled a t  1,3,5,8,13,20,30,45,60,90,120,150,180,210, 
240,270,300,360,420,480,540,600,660,750,840,1360,1590,1800,2040, 
2270, and 2840 min. Adequate volumes of blood were withdrawn: 2 ml 
for the first 30 min samples, 3 ml for samples between 30 and 150 min, 
4 ml for samples between 150 and 300 min, and 5 ml for all subsequent 
samples. Hematocrits were determined using a microhematocrit cen- 
trifuge and reader33 on selected blood samples prior to centrifugation. 
An aliquot of plasma was removed to measure total carbon 14. The re- 
maining plasma was stored in the freezer. 


Urine was collected from the transurethral catheter a t  approximately 
15,30,45,60,90,120,190,250,310,370,430,490,540,610,730,850,1380, 


2s Urine catheter, 8FK. 16 inch lone. Davol Inc.. Providence. HI 02901. 
Monoject, St. Louis, MO 63103. 


Safeeuard Centrifuee. Clav Adams Co.. Inc.. New York. N.Y. 
3' Vacutainer tubes, Becton-Dickinson and Co., Rutherford, NJ 07070. 


33 IEC MB Centrifuge, D a m d I E C  Division, Needham Heights, MA 02194. 


0 200 400 600 800 
MINUTES 


Figure B-f'lots of the experimental values of cumulatiue I ,  XU', and 
the  total metabolite, Z U M ,  in  urine against time. The  curves through 
the data points are the theoretical values calculated from ZU' = 
CI',,,AUC'and X U M  = CIE?AUCM for the labeled renal clearances of 
I ,  and total metabolite, Clzn ,  is plasma where AUC'and AUCM 
are their respective areas under plasma level-time curves at the  time 
when the cumulative amounts in the urine, ZU, were measured. Key: 
(0) data obtained by GLC assay of I in urine; (@) data from LSC assa-y 
of I in the organic phase of extracted urine (Eq. I). The total metabolites 
excreted in urine were assayed by the  direct LSC assay of I-extracted 
urine (Eq. 2, B) and f rom the difference betu~een the total urine radio- 
activity count and that due to I in urine (E9.3, A). 


1590,1800,2040,2280, and 2800 min. The volume and pH of each thor- 
oughly mixed urine collect were measured immediately after the with- 
drawal from the catheter. An aliquot of the fresh urine was transferred 
to a 15-ml tube and was diluted in a ratio of l:lO, 1:20,1:50, or 1:lOO with 
distilled water, dependent on the sample time and the volume of each 
urine collected. Appropriate volumes of undiluted and diluted urine were 
removed to determine total carbon 14. The remaining urine collections 
were divided into 10-ml portions and stored in the freezer. 


The dog was returned to the metabolism cage 14 hr  after the drug ad- 
ministration. 


RESULTS AND DISCUSSION 


Properties of I-Compound I as the hydrochloride is a white crys- 
talline solid, mp 181-183O, mw 341.74, mass spectrum: m / z  305 (m+). 


Anal-Calc %for C14H2806CIN: C = 49.19; H, 8.19; N, 4.09; CI, 10.39; 
0,28.11. Found: C, 49.31; H, 8.38; N, 3.06; CI, 10.50; 0, 27.9%. 


It is highly soluble in water and soluble in methanol and hot ethanol. 
It is recrystallized from methanol. The free amine from aqueous solutions 
of I buffered at  pH 10 was determined by TLC of the organic extracts to 
be highly extracted in chloroform and methylene chloride, less efficiently 
extracted in benzene, and relatively nonextracted in hexane; although, 
hexane plus 10 and 20% isopentyl alcohol showed small faint spots of I. 
The dimethylaminopropylglucose, 111, was not significantly extracted 
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by any of these solvents. Compound I has an apparent pK, of 9.28 by 
potentiometric titration, and the optical rotation of a 10% aqueous so- 
lution a t  pH 7 is -24.5 f 0.5" and an index of refraction of n y  = 1.3465. 
The optical rotation of 111 is + 37.0 f 0.5". The infrared spectrum of I 
(KBr disc) shows the presence of a split OH-band in the 3400 cm-I region 
and characteristic bands in 1000-1400 cm-' for isopropylidene groups. 
It cannot be readily differentiated from I1 and IV, although IV can be 
removed from acid solutions of I by chloroform extraction. 


The compounds I, 111, IV, and V can be separated from each other by 
TLC by the system n-propanol-ethyl acetate-water-NH1OH, 6:1:4:1. 


Stability Estimates by TLC-Compound I gave the same spot with 
the same developed color intensity as the standard on being subjected 
to 0.1 and 1.0 N NaOH at both 30 and 60' for 3,24,50, and 400 hr. The 
dimethylaminopropylglucose, 111, Rf = 0.20, produced two additional 
spots at Rf  values of 0.13 and 0.37 on being subjected to 0.1 N NaOH a t  
30' for 3 hr whereas, in 1.0 N NaOH, most of the amino sugar spot of 0.20 
had been transformed to that a t  Rf = 0.37 a t  3 hr. The developed spot 
assigned to compound 111 had disappeared a t  24 hr in both 0.1 and 1.0 
N NaOH a t  30". 


Compound I11 gave the same spot with the same developed color in- 
tensity as the standard on being subjected to 0.1 and 1.0 N HCI at both 
30 and 60" for 3,24,50, and 400 hr. Compound I ( R / =  0.52) produced a 
considerable quantity of the open chain dimethylaminopropylglucose 
(111) in 1 hr a t  30" in 0.1 N HCI and was completely transformed to 111 
in 1 hr a t  60 and 30' in 1.0 N HCl. 


Thus, compound I has high stability in 0.1 and 1 N NaOH, whereas 111 
is rapidly degraded. I is rapidly degraded in 0.1 and 1 N HCI to stable 111 
by splitting of the ether linkages to liberate acetone. The alkaline deg- 
radation products of I11 showed compounds with high UV spectropho- 
tometric absorbances a t  <550 nm whereas undegraded I11 had no ab- 
sorbance down to 210 nm. 


Parti t ion Coefficients and  Extraction Efficiency of I from 
Aqueous Solutions and  Plasma by Chloroform-The apparent par- 
tition coefficients, k',  was calculated for chloroform extraction of the 
aqueous phase a t  a given pH value by: 


where the peak height ratios determined for I relative to V were PHR,,, 
for the assay of a yl fraction of the volume of the organic phase, and 
PHR,, for the assay of a 7 3  fraction of the volume of chloroform used to 
extract a yz fraction of the volume of the aqueous phase. The PHR,,, and 
PHR,,, were the peak height ratios for the first and second extractions 
of the previously equilibrated aqueous phase. These two extractions 
accounted for practically all of the I partitioned into the buffer or plasma 
when a volume of V milliliters of buffer or plasma were initially equil- 
ibrated with Vorg milliliters of chloroform (Table I). a, 


This apparent partition coefficient can be defined as: 
[I as baseIorg 


[I as base],, + [protonated I],, (Eq. 5) kr - [IIonz - 
[IIaq 


Since: 
[I as base],, 
[I as baseIorg 


l l k '  = 


[protonated IIaq - [protonated I],, + - l / k  + (Eq. 6) [I as baseIorg [I as b a ~ e ] , , ~  
where k is the intrinsic partition coefficient for the free base of I between 
the organic and aqueous phases, and: 


[protonated I],, = [I as base],, [H+]/Kb (Eq. 7) 


where Kb = 5.25 X is the apparent dissociation constant of I (pKb 
= 9.28) and (H+] = 10-pH is the activity of the hydrogen ion in the ex- 
tracted buffer solution or plasma. Then by substitution of Eq. 7 into Eq. 
6, 


[I as base],, [H+] - [H+] 
[I as ba~e ] , ,~  Kh k K b  


l l k '  = l / k  + - l /k  + ~ (Eq. 8) 


I t  follows that the intrinsic partition coefficient is 


k = (1 + [H+]/Kb)k' (Eq. 9) 


and these calculated values are given in Table I. 
The standard assay of I in plasma or urine extracts 0.5 ml with 5 ml of 


chloroform at pH 11.5. Thus, for partition coefficients of 5.634.35, 98.4% 
of I is extracted into the organic phase. 


GLC Assay of I-Typical chromatograms of I, and the internal 
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Figure 6-Renal clearance plots of pg/min of I excreted into the urine 
versus the plasma levels of I, [II tmld a t  the mid-time of the collected 
interual. Key: (0) data obtained by GLC assay of urine; (@) data from 
LSC assay of the organic phase of extracted urine (Eq. 1). The lines 
drawn through the plots are for renal clearances of 135 and 163 mllmin 
for the 40- and 200-mg I doses, respectively. 


standard diisopropylaminoethyl I are given in Fig. 2 and, for the specified 
conditions, had retention times of 1.6 and 4.3 min, respectively. The limit 
of detection was 5-10 ng of I. The regression analysis of the assayed 
amounts of I in 0.5 ml of plasma or urine against the PHR were effected 
in accordance with: 


c f sc P H R  = ( m  f s,,,)PHR + (b  f s b )  (Eq. 10) 


where C is the concentration of I in 0.5 ml of aqueous fluid, PHR is the 
peak height ratio of I to the internal standard (500 ng of diisopropylam- 
inoethyl analog of I in 0.5 ml of the extracted aqueous phase), m is the 
slope, b is the intercept, sc PHR is the standard error of estimatebf con- 
centration/0.5 ml on the PHR, s,,, is the standard error of the regression 
coefficient m, and S b  is the standard error of the intercept b. 


The intercepts of such calibration curves were not significantly dif- 
ferent from zero. The standard errors of estimates of the concentrations 
from these calibration curves ranged between 4.9 and 6.3 ng10.5 ml of 
assayed fluid. 


A typical calibration curve for GLC-electron capture detection of 
derivatized I with 500 ng of the diisopropylaminoethyl analog of I (V), 
as the internal standard gave the following regression equation for 
amounts ( A )  in 0.5 p1 of urine: 


A f 6.34 ng = (144.6 f 7.1) PHR - 4.6 f 5.2 (Eq. 11) 


For amounts in 100 pl of plasma, 


A f 4.87 ng = (162.0 f 6.1) PHR - 10.0 f 4.2 (Eq. 12) 


Comparison of GLC and  LSC assays-When radiolabeled I was 
extracted from 0.5 ml of water, plasma, or urine that had been adjusted 
to pH 11.5 with 5 ml of chloroform, reextraction of the separated aqueous 
phase with the same amount of chloroform showed less than 2% of the 
original radioactivity in the second extract. This was consistent with the 
1.6% that had been estimated from the measured partition coefficients 
to be nonextracted under these conditions. The paired assay values of 
I by GLC and LSC, were highly correlated with a correlation coefficient 
of r = 0.995 for the 40-mg dose for plasma values between 0.15 and 2.6 
pg of I/ml of plasma. The paired values were challenged by the Student 
t test ( t  = 1.12; df = 13) and the null hypothesis that  the values were the 
same from both assays could not be rejected. Similarly, the correlation 
coefficient was 0.991 for the 200-mg dose for plasma values between 0.3 
and 4.0 f ig  I/ml of plasma. The null hypothesis of no difference between 
the LSC and GLC assays of I in plasma could not be rejected ( t  = 1.73; 
df = 9). The correlation can be observed from Fig. 3. 


The correlation coefficients for the paired GLC and LSC urine assays 
of I were 0.995 and 0.986 at  the 40- and 'LOO-mg doses, respectively. The 
t values for the 40-mg dose were 0.16, df = 6, and 1.85, df = 12, for the 
amounts in the urine fractions collected in the interval 0-193 min and 
0-732 min, respectively. The t values for the 200-mg dose were 0.25, df 
= 11 and 0.60, df = 16, for the amounts in the urine fractions collected 
between 0-546 min and 0-747 min, respectively. 


Thus, it can be concluded that the LSC assay of the radiolabeled I in 
the chloroform extract of plasma and urine of dogs administered I4C- 
labeled I intravenously does not give significantly different results than 
the GLC assay of the extract. Thus, any radiolabeled metabolites that  
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Figure 7-Plots in accordance with Eq. 13: ZUM/AUC1 = -VM[M]- 
/AUC1 t C12:t- C1, where the intercepts of CIE:t - CI, and the negative 
slopes of VM, respectively, were for the 40-mg dose; 42.4 mllmin and 4078 
ml when the urinary amounts of metabolite, U‘, were calculated from 
the difference between total urine radioactivity count and that due I 
in urine (Eq. 3,O); 30.4 mllmin and 4037 ml when the urinary amounts 
of metabolite, UM, were calculated from the direct LSC assay of I-ex- 
tracted urine (Eq.  2, A). The respective values for the 200-mg dose when 
the urinary amounts of metabolite, UM, were calculated from the direct 
LSC assay of I-extracted urine (Eq.  2, 8) were 27.3 mllmin and 3278 
ml when the data between 47and 250 min  were fitted linearly and 18.5 
ml/min and 36,850 ml when the data between 250 and 850 min  were 
fitted linearly (see insert). 
may exist in the plasma or urine are not readily or significantly extracted 
into chloroform under the conditions used. 


Preliminary Pharmacokinetics of I in the Dog-The phar- 
macokinetic parameters are listed in Table 11. Details of their calculations 
and the definitions of the symbols have been given in other publications 
(II ,12).  These preliminary studies indicate that the plasma level-time 
curve of intravenously administered I in the dog conforms to a two- 
compartment body model (Fig. 3) which can be characterized by the sum 
of two exponentials. The respective half-lives of the two phases are 3.W.3 
and 104127 min. The respective estimated terminal half-lives from the 
urine sigma minus plot (Fig. 4) and the plasma level-time curves (Fig. 
3) were the same (Table 11). These limited studies do not permit the de- 
finitive conclusion that I may have dose dependent kinetics and a po- 
tentially saturable elimination process even though the higher dose had 
a longer half-life. 


The apparent distribution volumes of I, in reference to total concen- 
tration in plasma for the central compartment (Vc )  and equilibrated 
tissues (Vd),  were 8.7-11.9 and 31-35 liters, respectively. 


Clearances-The total clearances of I were similar for both the 40- 
and 200-mg doses, 204 and 191 ml/min (Table 11). The renal clearances 
for these respective doses were 135 and 163 ml/min (Figs. 5 and 6) in- 
dicative of excess tubular secretion in addition to glomerular filtration, 
since a 12-kg dog has an inulin (glomerular filtration) clearance of 51 f 
12 ml/min (13). The possibility of saturable tubular reabsorption could 
explain the apparent variation of renal clearance with dose if it were 
substantiated by further studies. 


The extra-renal clearances, Cl”,.:,, are thus estimable from the differ- 
ences between the total and renal clearances and are 69.4 and 28.2 ml/min 
a t  the 40- and 200-mg doses, respectively, and do indicate a possible 
saturable metabolism with dose-dependent pharmacokinetics. 


Urinary‘Recoveries-The urinary recovery of unchanged I was 60-64 
and 82-8570 at  the 40- and 200-mg doses, respectively. This was consistent 
with the fact of higher renal clearance of I a t  the higher dose. Whereas 
the calculated total amounts of radiolabeled metabolites excreted in the 
urine a t  the higher 200-mg dose, i.e., radiolabeled amounts not extract- 
able into chloroform at pH 11.5, were reasonably the same when calcu- 
lated from both the direct assay of extracted urine 15% (Eq. 2); and the 
differences between total urine radioactivity and that due I 17% (Eq. 3). 
This was not true for the 40-mg dose. The respective values a t  this dose 
were 18 and 34%. The only explanation other than technological for this 


discrepancy would be that some radiolabeled metabolite was extracted 
into the organic phase in sufficiently small amounts so that statistics of 
identity between the GLC and LSC analyses of I in this phase were not 
significantly perturbed. 


The total urine recovery of I and its metabolite was 100 f 2% a t  the 
200-mg dose. I t  was 96 f 2 and 80 f 2% for the 40-mg dose when the 
difference (Eq. 2) and direct (Eq. 3) assays for metabolites were used, 
respectively. 


Attempted Estimates of Pharmacokinetic Properties of Metab- 
olites-If only one metabolite, M, were produced from I, and if this 
metabolite in the systemic circulation were only renally excreted, the 
following equation would be valid for constant clearances (12): 


CUM/AUC’ = -VM[M]/AUC’ + Cl:Lt - C l ,  (Eq. 13) 


where [MI and 2 U M  are the respective plasma concentrations of me- 
tabolite and the cumulative amount of metabolite excreted into the urine 
a t  time, t ,  corresponding to the area under the plasma level-time curve 
of I, AUC’, to that  time; where VM is the estimated overall apparent 
distribution volume of the metabolite; and where C::,- C1, is the 
clearance of I to systematically circulating metabolite. 


The VM and Clztt - Cl ,  values can be estimated from the slope and 
intercept, respectively, of plots of the quotients in Eq. 13 (Fig. 7). The 
discrepancy in the estimates of ZUM by the direct and difference methods 
of radiolabeled metabolites in urine for the 40-mg dose gave different 
values for Cl:tt - C1, of 30.4 and 42.4 ml/min, respectively; even though 
the apparent distribution volumes, VM, for the metabolite were the same, 
4.0 liters. As a consequence, the residual clearances of I, Cl,  = Cl:tt - 
(Cl$:t - Cl,), which could be due to metabolite partitioning or I excretion 
into the bile, differed also (Table 11). The estimated values of these pa- 
rameters for the 200-mg dose depended on where the data were presumed 
to be linear (Fig. 7). The assumption of validity for the early time data 
(<250 min) gave a VM value of 3.3 liters nearest that  obtained for the 
same time range of data for the 40-mg dose. The assumption of validity 
of the terminal data (>250 min) in Fig. 7 gave an extremely high apparent 
volume of distribution for the metabolite, a VM of 18.5 liters. 


Rearrangement of Eq. 13 and use of these estimated parameters permit 
the estimation of theoretical plasma levels of a possible metabolite in 
accordance with: 


and the lines drawn through the experimental plasma concentrations of 
apparent metabolite were calculated on these premises (Fig. 3). The fact 
that  the parameters chosen from Fig. 7 for the early time intervals gave 
reasonable fits for the early time, but not the latter (also compare the two 
fits of metabolite plasma levels a t  the 200-mg dose), is a st.rong indication 
that either the simple hypothesis of a single metabolite being formed from 
I is invalid or that the formed metabolite is partitioned into bile and 
undergoes an enterohepatic recirculation which elevates its terminal 
plasma levels above the theoretical value calculated from Eq. 14. 
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Abstract 0 Dissolution vessels made from glass or plastic are recognized 
by the USP as being suitable for dissolution testing. Glass vessels with 
a bottom inside curvature flatter than that of a sphere can cause a high 
bias in dissolution results; vessels with a steeper curvature can cause a 
low bias. The inside hottom curvature of plastic vessels adhered closely 
to the curvature of a sphere. The plastic vessels are preferable for use if 
the drug is not adsorbed and the vessel is not attacked by the dissolution 
medium. Bias in results between individual positions of a dissolution 
apparatus was traced to two shafts which were not vertical. 


Keyphrases Dissolution-systematic error associated with USP 
dissolution Apparatus 2 USP-error associated with dissolution Ap- 
paratus 2 Apparatus-systematic error associated with USP dissolu- 
tion Apparatus 2 


Only one manufacturer’ produces a glass, round-bottom 
vessel (1) suitable for the multiple-spindle drive equipment 
used for the USP dissolution test (2). The manufacturing 
process was changed in 1978 in an attempt to improve the 
vessel. The vessel was formed manually in the older process 
by using a mold to which the outside of the vessel could 
conform. These molded vessels vary considerably with 
respect to weight, inside cylindrical diameter, and inside 
bottom curvature. In the newer process the vessel is made 
from large-bore glass tubing, and the bottom of the vessel 
is shaped manually from the outside. The tubing-produced 
vessels examined compare closely with respect to weight 
and inside cylindrical diameter. However, the inside bot- 
tom curvature varies from one vessel to the next. Vessels 
made from the tubing process are in widespread use. Many 
vessels made from the older process do not pass the USP 
requirement that the inside diameter be 10.0-10.5 cm. 


A plastic vessel2 formed by injection molding has been 
available since 1979. The variation in physical dimensions 
(including bottom curvature) of individual plastic vessels 
is less than that of glass vessels because of the manner in 
which they are produced. Both types of vessels are cur- 
rently recognized by the USP as being suitable for disso- 
lution testing. 


’ Kimble, Division of Owens-Illinois, Inc., Vineland, NJ 08360. 
Eli Lillv and Co.. Indianapolis, IN 46206. 


The effect of variations in physical dimensions of the 
vessels on dissolution results was studied. The study of the 
molded glass vessels was conducted under the test condi- 
tions described in the Fourth Supplement to USP XIX (3); 
i . e . ,  the stirring element consisted of a shaft with a de- 
tachable paddle blade positioned on the side of the shaft. 
The tubing-produced glass vessels and plastic vessels were 
studied with the currently official stirring element (4). The 
tubing-produced glass vessels and plastic vessels are 
compared for their suitability for use in the USP dissolu- 
tion test for prednisone tablets. 


EXPERIMENTAL 


A commercial sample of 5-mg prednisone tablets was used to check the 
performance of dissolution equipment. Dissolution results from these 
tablets were reported recently (5). The tablets are reasonably uniform 
in total drug content. A randomly selected 60-tablet subsample gave an 
overall average result of 97.2% of label claim with a coefficient of variation 
(CV) of 2.88% in a content-uniformity assay (6). The average weight of 
the tablets was 143 mg. This tablet sample was referred to as Tablet 1 
(7). 


In 1979 a commercial sample of 10-mg prednisone tablets, referred to 
as Tablet 2, was characterized (the supply of Tablet 1 was running low). 
This second performance standard gave an average result of 100.0% of 
label claim with a CV of 1.5% when 20 tablets were subjected to con- 
tent-uniformity assay. The average tablet weight was 225 mg. Both Tablet 
1 and Tablet 2 disintegrate within 2 min into coarse, insoluble granules 
which stay on the bottom of the vessel throughout the test. The granules 
from three disintegrated units of Tablet 1 visually appear to occupy about 
the same volume in the bottom of the vessel as the granules from one 
disintegrated unit of Tablet 2. 


Evaluation of Molded Glass Vessels-Three laboratories“, each 
using a commercially available six-spindle dissolution apparatus4, 
compared dissolution results from four sets of six molded glass vessels. 
Tablet 1 was used by all three laboratories. The data from this experiment 
were collected prior to the modification of the apparatus; i . e . ,  the appa- 
ratus described in the Fourth Supplement to USP XIX was used. All 
other experimental data reported in this paper were collected using the 
current apparatus. 


Evaluation of Glass Tubing-Produced Vessels-An apparatus 
described previously (7) was selected for this experiment. The apparatus 


Food and Drug Administration laboratories located in Los Angeles, Calif., St. 
Louis, Mo., and Winchester, Mass. 


4 Hanson Research Corp., Northridge, CA 91324. 
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Abstract  Three fasted, male subjects received single lo-, 30-, and 
50-mg oral doses of hydrocortisone tablets on separate occasions. En- 
dogenous hydrocortisone was suppressed by giving 2 mg of dexametha- 
sone 9 hr prior to dosing. Plasma samples obtained serially for 8 hr after 
hydrocortisone dosing were assayed by reversed-phase high-pressure 
liquid chromatography (HPLC) with UV detection and by normal-phase 
HPLC with fluorescence detection of the dansylhydrazine derivative of 
hydrocortisone. The two assay methods yielded equivalent plasma hy- 
drocortisone concentrations. Metabolite interference was absent in both 
assay methods. Drug concentrations in plasma from all three doses of 
hydrocortisone were described by one-compartment open-model kinetics, 
with first-order absorption and elimination, and an absorption lag time. 
Mean Cmax values of 199,393, and 419 ng/ml were obtained a t  1.0, 1.0, 
and 1.7 hr following the lo-, 30-, and 50-mg doses, respectively. Hydro- 
cortisone was cleared from plasma with an elimination half-life of -1.5 
hr. Within the dosage range studied, plasma levels of hydrocortisone 
were related, hut not directly proportional, to dose size. This apparent 
lack of proportionality may he due to reduced drug availability or altered 
distribution with increasing dose. 


Keyphrases High-pressure liquid chromatography-comparison of 
fluorescence and UV high-pressure liquid chromatographic assays for 
hydrocortisone in plasma, humans 0 Hydrocortisone-comparison of 
fluorescence and UV high-pressure liquid chromatographic assays for 
hydrocortisone in plasma, humans 0 Pharmacokinetics-comparison 
of fluorescence and UV high-pressure liquid chromatographic assays for 
hydrocortisone tablets in plasma, humans 


A number of high-pressure liquid chromatographic 
(HPLC) assays for hydrocortisone in biological fluids have 
recently appeared in the literature. Most of these employ 
UV detection of underivatized hydrocortisone (1-7), while 
others are based on detection of a fluorescent hydrocorti- 
sone derivative (8,9).  


In this report two assay methods, one using normal 
phase HPLC with fluorescence detection of the dansyl 
derivative of hydrocortisone and the other using re- 
versed-phase HPLC with UV detection of hydrocortisone, 
were compared by assaying plasma samples obtained 
during an 8-hr period from three healthy volunteers who 
had ingested hydrocortisone tablets. The plasma concen- 
tration uersus time data permits preliminary description 
of the pharmacokinetics of exogenous hydrocortisone. 


EXPERIMENTAL 


Materials-Materials used in the HPLC-fluorescence assay have been 
described previously (8). For the HPLC-UV assay, chemical standards 
of hydrocortisone' and internal standard A4-pregnene-17a, 
20/3,21-triol-3,11-dione1 were analytical grade. Reagent grade methylene 
chloride2 was distilled prior to use. All other solvents and chemicals were 


Sigma Chemical Co., St. Louis, MO 63178. 
Aldrich Chemical Co., Milwaukee, WI 53233. 


reagent grade and were used as supplied. Plasma for construction of 
standard curves was obtained from healthy volunteers between 7 and 9 
am subsequent t o  administration of 2 mg of dexamethasone a t  11 pm the 
previous day (10). 


Subjects-Three male volunteers (22-45 years old) underwent com- 
plete physical examinations including blood and urine analyses after 
giving informed consent. Vital signs and laboratory values for all subjects 
were normal. The subjects weighed 64-75 kg, and their heights ranged 
from 178 to 180 cm. 


Protocol-Subjects were instructed to take no drugs for at  least 1 week 
hefore the study, and no drugs other than the required doses of dexa- 
methasone and hydrocortisone during the study. No caffeine-containing 
beverages were permitted for 1 day before or during the plasma sampling 
period following each dose of hydrocortisone. Each hydrocortisone dose 
was administered after overnight fast, and no food was permitted until 
4 hr postdose. 


Each subject received lo-, 30-, and 50-mg doses of hydrocortisone at 
least 1 week apart according to a randomized design. Each hydrocortisone 
dose was given as 1 or more 10-mg tablets3, which were swallowed 
whole. 


At 11 pm on the day before hydrocortisone administration, subjects 
received 20 ml(2 mg) of dexamethasone elixir4 with 180 ml of water orally. 
Hydrocortisone was administered a t  8 am the following morning with 
180 ml of water. 


Heparinized blood samples (10 ml) were taken from a forearm vein 
immediately before and then a t  0.25, 0.5,1, 1.5, 2 ,3 ,4 ,5 ,6 ,7,  and 8 hr 
postdose Subjects were ambulatory during the sampling period. Plasma 
was obtained by centrifugation and divided into two portions. Both 
portions were frozen at  -20": one portion was packed in dry ice and sent 
by air freight to the Food and Drug Administration laboratories for flu- 
orimetric analysis; the other was assayed in this laboratory by the 
HPLC-UV method. 


Fluorimetric Assay-The fluorimetric HPLC assay of plasma sam- 
ples was carried out using a previously described method (8). 
UV Assay-The HPLC-UV assay used was a modified version of a 


previously described method (1). Plasma (1 ml) containing 200 ng internal 
standard, and 0.1 ml of 2 N aqueous sodium hydroxide was vortexed with 
10 ml of methylene chloride for 1 min and then centrifuged for 15 min 
at 500Xg. Plasma and the creamy interface were aspirated off, and the 
organic layer was transferred to a clean tube and evaporated to dryness 
a t  room temperature under nitrogen. The tube walls were rinsed with 1 
ml of methylene chloride which was evaporated as described previously. 
The residue was reconstituted in 100 ~1 of the HPLC mobile phase (60% 
aqueous methanol) and a 2O-pl aliquot was injected into the chromato- 
graph. The liquid chromatograph consisted of a 2.1 X 70-mm precolumn5 
and a 4.6 X 250-mm reversed-phase analytical column6, through which 
mobile phase, 60% aqueous methanol, was pumped at a rate of 1.0 ml/min. 
Column effluent was monitored at 254 nm with a fixed wavelength de- 
tector7. Elution times for hydrocortisone and internal standard were 10 
and 8 min, respectively. Calibration was by the method of peak height 
ratios. For plasma samples that yielded hydrocortisone and internal 
standard peak height ratios of <0.1 (hydrocortisone concentrations (25 
ng/ml), a second injection was performed and the peak height ratios 


Hydrocortisone 10-mg tablets, Lot V 2478, Merck Sharp and Dohme Labs., West 


Decadron Elixir, Lot A 3240. Merck Sharp and Dohme Lahs. 
C0:PELL ODS, 30-38 m,  Whatman Inc., Clifton, N J  07014. 
Lichrosorh C18, 10 m, Altex Scientific Inc., Berkeley, CA 94710. 
Model 440, Waters Associates, Milford, MA 01757. 


Point, PA 19486. 
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Figure 1-Representatiue Chromatograms from HPLC-UV assay of 
hydrocortisone, peak 2, and internal standard, peak 1, extracted from 
human plasma. a-Dexamethasone-suppressed plasma containing 
200 nglml internal standard and 1 I nglml hydrocortisone (endogenous). 
b-Sample plasma containing 200 nglml internal standard and 149 
nglml hydrocortisone (dosed + endogenous). 


obtained from the two injections were averaged. The endogenous hy- 
drocortisone concentration in predose plasma was subtracted from all 
postdose values to obtain circulating levels of drug resulting from ad- 
ministered hydrocortisone. The assay was linearly sensitive to plasma 
hydrocortisone concentrations between 5 and 700 nglml. Coefficients 
of variation from multiple replicates (n = 6) were within 4% a t  the higher 
drug concentrations and within 8% at the lower drug concentrations. 
Assay recovery was 82 f 2% for hydrocortisone and 83% for internal 
standard (single determination). 


Pharmacokinetic and Statistical Analysis-Plasma hydrocortisone 
concentration data from all three doses were adequately described in 
terms of the one-compartment open pharmacokinetic model with first- 
order absorption and elimination and an absorption lag time. Thus, the 
hydrocortisone concentration C in plasma a t  any time t after dosing was 
shown by (11): 


where k, and kej are the first-order absorption and elimination rate 
constants, to is the absorption lag time, F is the fraction of dose (D) ab- 
sorbed, and V is the apparent distribution volume of drug in the body. 


Equation parameters were obtained by nonlinear regression of indi- 
vidual hydrocortisone concentration data sets using the program NREG 
(12) on a digital computers. 


~~~~ 
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Figure 2-Mean hydrocortisone plasma concentration versus time 
curves for three subjects (61 SD) a t  dosages of a, 10-mg; b, 30-mg; and 
c,50-mg. Key: A-A, UV; .---., fluorescence. 


Comparison of the hydrocortisone concentration values obtained by 
the two assay procedures was by paired t test. Pharmacokinetic param- 
eters were analyzed for dose and assay effects by ANOVA. Factors shown 
to have a significant effect by ANOVA were further analyzed using 
Tukey's significant differellce test (13). 


RESULTS 


Figure 1 shows two representative chromatograms from the HPLC-UV 
assay. Figure la illustrates the low level of endogenous hydrocortisone 
in suppressed plasma. The standard curve for hydrocortisone concen- 
trations between 5 and 700 nglml in plasma was given by: 


Y = -0.014 (zkO.010) + 0.00497 (&0.00003) X (Eq. 2) 


where r = 0.999 and n = 6. 
Comparisons of the UV and  Fluorescence Assays-Mean plasma 


hydrocortisone concentrations obtained using the two assay methods are 
shown in Fig. 2. Drug concentrations obtained by the different assays a t  
each sampling time were compared by paired t test, and a significant 
difference between assays was obtained a t  only 2 of the 33 sampling times 
(11 sampling times at  each dose level). The linear regression of the results 
obtained a t  all sampling times with the UV assay uersus those obtained 
with the fluorescence assay is shown in Fig. 3. The regression had a slope 
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Figure 3-Plasma hydrocortisone concentrations as obtained by UV 
detection (C") versus those obtained by fluorescence detection (Cf). Y 
= 0 . 9 9 2 ~  + 1.59; n = 94, r = 0.987. 
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Table I-Mean Values of Pharmacokinetic Parameters  Obtained Following lo-, 30-, and 50-mg Oral  Doses of Hydrocortisone, with 
Analysis by HPLC-UV Assay 


Value 
Parameter 10-me dose 30-mn dose 50-ma dose Statistic 


7.7 f 7.3a 
0.18 f 0.07 
0.47 f 0.06 
1.50 f 0.17 
199 f 29 
1.0 f 0.5 


19.9 f 2.9 
23.5 f 3.6 
474 f 40 


0.98 f 0.02 


7.7 f 6.3 
0.26 f 0.14 
0.54 f 0.04 
1.29 f 0.09 
393 f 58 
1.0 f 0.5 


13.1 f 2.0 
17.0 f 2.5 
958 f 113 


0.99 f 0.02 


1.4 f 0.5 
0.13 f 0.23 
0.43 f 0.03 
1.62 f 0.09 
419 f 45 
1.7 f 0.3 
8.4 f 0.9 


13.7 f 1.5 
1559 f 142 
0.99 f 0.01 


AB > C b  
B > A > C  
NSD‘ 
NSD 
C B > A  
C > A B  
A > B > C  
A > B > C  
C > B > A  
NSD 


Standard deviation (n = 3). A = 10-mg dose, B = 30-mg dose, C = 50-mg dose. No significant differences ( p  > 0.05). Maximum observed concentration of hy- 
drocortisone in plasma. e Time of observed Cmm. f Maximum concentration of hydrocortisone in plasma divided by dose. g The fraction of the dose which is adsorbed, 
expressed a~ a concentration in the apparent distribution volume; obtained by dividing the function FDIV, from Eq. 1, by the dose. Area under plasma hydrocortisone 
concentration profile calculated by trapezoidal rule with end correction. Coefficient of determination from nonlinear regression analysis of plasma data using Eq. 1 
[rz = (Zobs2 - Zdev2)/2obs2]. 


of 0.99, an intercept that  was not significantly different from zero, and 
a correlation coefficient of 0.987 ( p  < 0.001). 


Pharmacokinetic Analysis-No statistical differences were observed 
in the values of any pharmacokinetic parameters resulting from the two 
assay methods. Therefore, only those values obtained using the 
HPLC-UV assay are presented in Table I. 


The high coefficients of determination that resulted from analysis of 
individual data sets indicated that hydrocortisone plasma profiles fol- 
lowing oral doses are adequately described by a one-compartment kinetic 
model. Following the 10- and 30-mg doses, hydrocortisone was absorbed 
rapidly and peak drug levels in plasma were obtained 1 hr postdose. 
Following the 50-mg dose, hydrocortisone was absorbed a t  a slower rate, 
yielding peak drug levels in plasma at -1.7 hr. For all three dosages, de- 
scription of the absorption phase of drug profiles was improved by in- 
corporation of a lag time. After achieving peak values, drug levels declined 
with a mean half-life of 1.3-1.6 hr; this value was independent of dose 
size. 


Although the maximum concentrations of hydrocortisone in plasma, 
and also the areas under the drug concentration uersus time curves, in- 
creased with increasing drug doses, they were not dose-proportional. Both 
Cmax and AUCtrap increased twofold when hydrocortisone dose was in- 
creased threefold from 10 to 30 mg. When the dose was further increased 
1.6-fold to 50 mg, the value of AUCbnp increased in proportion to the doae, 
while C,, increased by a factor of 1.1. When the values of C,, and FDIV 
were normalized for dose, there was a progressive decrease in both of these 
values as the dose was increased from 10 t o  50 mg. 


DISCUSSION 


HPLC assays for hydrocortisone in biological fluids have the advantage 
of greater compound specificity than previously used fluorescence (14, 
15), competitive protein binding (16), enzyme immunoassay (17), and 
radioimmunoassay (18) procedures. HPLC assay with a fluorescence 
detector was claimed to be more sensitive than other analytical methods 
(8). 


The results of this study show that an HPLC assay with UV detection, 
which requires no derivatization step, is equally specific and sensitive 
to the HPLC fluorescence assay. Both procedures are capable of mea- 
suring hydrocortisone concentrations in plasma following therapeutic 
doses, are free of interference from hydrocortisone metabolites and en- 
dogenous substances in plasma, and are also capable of measuring en- 
dogenous hydrocortisone levels following suppression by dexamethasone. 
The HPLC-UV assay is simpler and less time consuming than the HPLC 
fluorescence procedure and is therefore the method of choice. 


The pharmacokinetic parameter values obtained in the clinical studies 
are largely in agreement with those published previously. While the 
elimination phase of plasma hydrocortisone levels was well defined, the 
short duration of the absorption phase, and also an apparent lag time, 
does not permit accurate description of this phase. Therefore, the use of 
first-order kinetics in the present interpretation does not preclude the 
possibility of alternative absorption mechanisms. 


Mean elimination half-lives of hydrocortisone were 90,77, and 97 min, 
respectively, following the lo-, 30-, and 50-mg doses. Previous studies 
using intravenous hydrocortisone have reported drug half-lives between 
58 and 161 min (19-23). Circulating levels of hydrocortisone were quite 
variable a t  each dose level, which is consistent with previous observations 
(24,25). 


Additional studies are necessary to confirm the apparent lack of pro- 
portionality between circulating levels of hydrocortisone and the ad- 
ministered dose, although similar results to those obtained in this study 
were reported in subjects receiving oral cortisone acetate (26). 


A number of possible factors might cause dose-nonproportionality in 
hydrocortisone plasma levels. Drug absorption efficiency may be reduced 
a t  higher doses due to limited tablet dissolution or to reduced transport 
across the GI epithelium. Hydrocortisone levels may also be influenced 
by changes in drug-protein binding. At low drug concentrations, hy- 
drocortisone binds predominantly to the high affinity, low capacity 
protein transcortin (19,27). At drug levels >200 ng/ml, binding sites on 
the transcortin molecule become saturated, and binding to the low af- 
finity, high capacity binding sites of plasma albumin accounts for an 
increasing proportion of the bound drug. Due to the preponderance of 
low affinity binding a t  high drug levels, the percentage of circulating 
hydrocortisone in the bound form decreases. In the present study, hy- 
drocortisone plasma concentrations >200 ng/ml were achieved with the 
30- and 50-mg doses. Reduced overall binding of drug following the higher 
doses would permit a greater proportion of the drug to enter extravascular 
fluids, causing a reduction in plasma levels. The reduced binding of hy- 
drocortisone to plasma proteins at high drug concentrations may also 
increase hepatic clearance during the first-pass, resulting in a smaller 
proportion of administered drug reaching the systemic circulation 
(28). 


While circulating levels of endogenous hydrocortisone remain constant 
following dexamethasone suppression (10). further suppression of en- 
dogenous levels may result from the administered hydrocortisone by a 
feedback mechanism. However, suppressed endogenous hydrocortisone 
levels are low compared with the levels that  resulted from administered 
compound, and further reduction in suppressed levels would not have 
noticeably affected the results. 


Studies have been initiated to examine the dose-proportionality of 
hydrocortisone pharmacokinetics following parenteral doses. 
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Abstract L-Asparaginase was immobilized in microparticles of poly- 
acrylamide. Such particles were then injected by intramuscular/subcu- 
taneous, intraperitoneal, or intravenous routes into mice to investigate 
the immunological consequences of the immobilization. Entrapment of 
L-asparaginase in microparticles did not prevent the formation of anti- 
bodies in intensively treated animals. Intraperitoneal and intravenous 
injections of particles produced significantly higher antibody levels than 
soluble L-asparaginase. Antigen administered intramuscularly/subcu- 
taneously in microparticles elicited, however, a weak immune response. 
Dependent on the route of administration, the particles may thus func- 
tion as an adjuvant. A modified Arthus reaction in the foot pads of im- 
munized mice indicated that antigenicity decreased when L-asparaginase 
was immobilized in microparticles. Injection of free L-asparaginase, in- 
tramuscularly/subcutaneously (2 X 20 IU) in the preimmunized mice 
produced no effects on the serum level of L-asparagine, whereas intra- 
muscular/subcutaneous injection of L-asparaginase in microparticles 
produced a depression of the serum concentration. It is concluded that 
the intramuscular/subcutaneous injection of L-asparaginase in micro- 
particles is the choice route of administration with respect to duration 
and the immunological reaction. 


Keyphrases L-Asparaginase-immunological properties of immo- 
bilized L-asparaginase in microparticles 0 Microparticles-immuno- 
logical properties of immobilized L-asparaginase Immunological 
properties-of immobilized L-asparaginase in microparticles 


~~~~~ ~ 


Exogenous enzymes have been used increasingly in bi- 
ological systems to test their usefulness in treating genetic 
disorders, e.g. ,  lysosomal storage diseases (1, 2), or for 
therapeutic purposes, e.g. ,  L-asparaginase to depress cir- 
culating L-asparagine in the treatment of acute lymphatic 
leukemia (3). These enzymes are often used in the immo- 
bilized or polymerized form in order to prolong their du- 
ration (4-6). However, the desired prolonged effect is 
seemingly in conflict with the efforts to decrease their 
immunological properties manifested by the production 
of antibodies and hypersensitivity reactions, which is en- 
hanced when exposure to the exogenous protein is pro- 
longed. Thus, enzymes in liposomes have been shown to 


be immunogenic’. The liposomes have even, in some in- 
stances, been shown to exert adjuvant effects (7). This 
effect may be due partly to leakage of enzyme molecules 
out of the liposomes or lysis of the liposomes, but the 
findings that the adjuvant properties are related to the 
compositiodof the liposomes (7,s) suggest that the adju- 
vant effects are inherently connected with the liposomes 
themselves. Likewise, polymethylmethacrylate has been 
shown to increase the immunogenic properties of simul- 
taneously administered influenza virons (9). The adjuvant 
effect is strongly correlated to the route of administration, 
with intravenous or intraperitoneal injections of the im- 
mobilized systems generally producing relatively higher 
antibody titers (7, 10). 


The present study was undertaken to investigate the 
immunological consequences of the utilization of micro- 
particles of polyacrylamide as carrier of exogenous proteins 
in uiuo. The polymer itself is not immunogenic (ll), but 
immobilized proteins are partly localized on the surface 
of the microparticles during the preparation as evidenced 
by their interaction with cellular surface structures (12) 
or affinity chromatography material (13). Even if the major 
portion of the immobilized protein is secluded inside the 
microparticles, the fraction on the surface should exert 
immunological properties. The aim was to find the optimal 
route for the administration of immobilized L-aspara- 
ginase. 


EXPERIMENTAL 
Materials-Aspartate aminotransferase2 (83 IU/mg) isolated from 


porcine heart, and malic dehydrogenase2 (2000 IU/ml) from pigeon breast 


In the present paper, the term immunogenic is used to describe the property 
of a macromolecular system to evoke an immunological response, e.g., antibody 
production and T-cell stimulation, while the term antigenic is restricted to the 
property to  react with the immunological effectors in a sensitized organism. * Sigma Chemical Co. 
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Abstract 0 Dissolution vessels made from glass or plastic are recognized 
by the USP as being suitable for dissolution testing. Glass vessels with 
a bottom inside curvature flatter than that of a sphere can cause a high 
bias in dissolution results; vessels with a steeper curvature can cause a 
low bias. The inside hottom curvature of plastic vessels adhered closely 
to the curvature of a sphere. The plastic vessels are preferable for use if 
the drug is not adsorbed and the vessel is not attacked by the dissolution 
medium. Bias in results between individual positions of a dissolution 
apparatus was traced to two shafts which were not vertical. 


Keyphrases Dissolution-systematic error associated with USP 
dissolution Apparatus 2 USP-error associated with dissolution Ap- 
paratus 2 Apparatus-systematic error associated with USP dissolu- 
tion Apparatus 2 


Only one manufacturer’ produces a glass, round-bottom 
vessel (1) suitable for the multiple-spindle drive equipment 
used for the USP dissolution test (2). The manufacturing 
process was changed in 1978 in an attempt to improve the 
vessel. The vessel was formed manually in the older process 
by using a mold to which the outside of the vessel could 
conform. These molded vessels vary considerably with 
respect to weight, inside cylindrical diameter, and inside 
bottom curvature. In the newer process the vessel is made 
from large-bore glass tubing, and the bottom of the vessel 
is shaped manually from the outside. The tubing-produced 
vessels examined compare closely with respect to weight 
and inside cylindrical diameter. However, the inside bot- 
tom curvature varies from one vessel to the next. Vessels 
made from the tubing process are in widespread use. Many 
vessels made from the older process do not pass the USP 
requirement that the inside diameter be 10.0-10.5 cm. 


A plastic vessel2 formed by injection molding has been 
available since 1979. The variation in physical dimensions 
(including bottom curvature) of individual plastic vessels 
is less than that of glass vessels because of the manner in 
which they are produced. Both types of vessels are cur- 
rently recognized by the USP as being suitable for disso- 
lution testing. 


’ Kimble, Division of Owens-Illinois, Inc., Vineland, NJ 08360. 
Eli Lillv and Co.. Indianapolis, IN 46206. 


The effect of variations in physical dimensions of the 
vessels on dissolution results was studied. The study of the 
molded glass vessels was conducted under the test condi- 
tions described in the Fourth Supplement to USP XIX (3); 
i . e . ,  the stirring element consisted of a shaft with a de- 
tachable paddle blade positioned on the side of the shaft. 
The tubing-produced glass vessels and plastic vessels were 
studied with the currently official stirring element (4). The 
tubing-produced glass vessels and plastic vessels are 
compared for their suitability for use in the USP dissolu- 
tion test for prednisone tablets. 


EXPERIMENTAL 


A commercial sample of 5-mg prednisone tablets was used to check the 
performance of dissolution equipment. Dissolution results from these 
tablets were reported recently (5). The tablets are reasonably uniform 
in total drug content. A randomly selected 60-tablet subsample gave an 
overall average result of 97.2% of label claim with a coefficient of variation 
(CV) of 2.88% in a content-uniformity assay (6). The average weight of 
the tablets was 143 mg. This tablet sample was referred to as Tablet 1 
(7). 


In 1979 a commercial sample of 10-mg prednisone tablets, referred to 
as Tablet 2, was characterized (the supply of Tablet 1 was running low). 
This second performance standard gave an average result of 100.0% of 
label claim with a CV of 1.5% when 20 tablets were subjected to con- 
tent-uniformity assay. The average tablet weight was 225 mg. Both Tablet 
1 and Tablet 2 disintegrate within 2 min into coarse, insoluble granules 
which stay on the bottom of the vessel throughout the test. The granules 
from three disintegrated units of Tablet 1 visually appear to occupy about 
the same volume in the bottom of the vessel as the granules from one 
disintegrated unit of Tablet 2. 


Evaluation of Molded Glass Vessels-Three laboratories“, each 
using a commercially available six-spindle dissolution apparatus4, 
compared dissolution results from four sets of six molded glass vessels. 
Tablet 1 was used by all three laboratories. The data from this experiment 
were collected prior to the modification of the apparatus; i . e . ,  the appa- 
ratus described in the Fourth Supplement to USP XIX was used. All 
other experimental data reported in this paper were collected using the 
current apparatus. 


Evaluation of Glass Tubing-Produced Vessels-An apparatus 
described previously (7) was selected for this experiment. The apparatus 


Food and Drug Administration laboratories located in Los Angeles, Calif., St. 
Louis, Mo., and Winchester, Mass. 


4 Hanson Research Corp., Northridge, CA 91324. 
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Table I-Dissolution Results (Percent of Label Claim) for Tablet  1 f rom Three Laboratories Using Four  Sets a of Molded Glass 
Vessels 


Vessel Set 
4 


X n X n X n X f S D  f sn *SD f S D  - 3 - 2 - 1 - Laboratory n 


A - - - - - - 12 52.4 1.82 24 37.5 3.48 
B 24 43.2 3.18 - - - 24 49.3 1.66 12 42.7 5.90 
C 6 40.0 3.94 24 52.0 3.15 - - - - - - 


a Vessel sets 1 and 3 originated from laboratory B. Vessel set 2 originated from laboratory C. Vessel set 4 originated from laboratory A. 


Table 11-Dissolution Data a for Tablet  1 f rom Glass Tubing-Produced Vessels Rearranged for Two-way ANOVA 


Position Vessel 
Vessel 1 2 3 4 5 6 n b  f S D  * 


1 


2 


3 


4 


5 


6 


Position E 
Position SD 


51.4 
52.0 
53.3 
54.3 
56.1 
52.3 
54.5 
52.1 
53.6 
54.3 
56.2 
57.8 
54.0 


1.96 


53.7 
52.9 
54.9 
55.3 
51.5 
52.9 


51.5 
56.2 
55.0 
56.1 
57.6 
54.0 


49.8 


2.30 


54.6 
54.8 
57.3 
56.9 
53.9 
53.1 
51.8 
50.5 
57.3 
56.2 
55.9 
56.5 
54.9 
2.22 


60.0 58.6 63.5 
58.9 60.7 63.4 57.0 4.33 
57.7 53.2 63.5 
59.1 
62.3 
60.9 


54.0 
59.5 
59.1 


61.0 
58.7 
58.7 


61.0 53.8 57.5 
60.1 
62.2 
60.7 


55.8 
56.1 
58.1 


58.1 
62.5 
62.4 


56.7 3.22 


56.6 3.72 


54.7 3.78 


57.9 3.26 
60.9 64.4 59.4 
60.7 59.6 60.7 58.8 2.60 
60.4 57.7 60.8 


1.33 3.29 2.25 


I )  Percent of label claim dissolved at  30 min. Mean and standard deviation of 12 individual tablets. 


Table 111-Dissolution Data a for Tablet  1 f rom Plastic Vessels Rearranged fo r  Two-way ANOVA 


Position Vessel 
Vessel 1 2 3 4 5 6 Xb f S D  


38.4 36.9 38.0 49.0 42.3 
38.5 38.4 38.6 46.8 40.3 
42.3 38.6 39.2 47.8 ,405 
37.8 37.8 39.1 49.3 44.0 
37.1 38.8 38.4 46.0 42.4 
38.2 38.5 36.3 51.5 39.9 


4 38.8 42.0 42.0 44.3 45.2 
39.9 41.3 39.4 51.2 44.5 


5 40.5 38.0 40.7 50.7 42.2 
39.5 36.7 46.8 51.8 41.0 


6 40.8 40.5 47.2 56.3 45.5 
44.1 41.6 42.6 52.0 42.7 


Position F 39.7 39.1 40.7 49.7 42.5 
Position SD 2.01 1.81 3.41 3.24 1.92 


a Percent of label claim dissolved at  30 min. Mean and standard deviation of 12 individual tablets. 


can he aligned to conform to USP specifications, hut shafts 4 and 6 are 
not parallel with the other four shafts. Six glass tubing-produced vessels, 
purchased specifically for this experiment, were numbered one through 
six and placed in the apparatus. Two sets of six tablets each were 
subjected to the dissolution test (one tablet per vessel for each set of 
tablets). The vessels were then moved one position in a clockwise direc- 
tion, and two more sets of six tablets each were subjected to the test. This 
procedure was continued until each vessel had been tested twice in each 
position of the apparatus. A total of 72 tablets was subjected to the test. 
Twelve dissolution results were associated with each vessel, which had 
been sequentially placed in all six positions. Likewise, 12 results were 
associated with each position in which all six vessels had been sequentially 
placed. The experiment was conducted with Tablet 1 and then with 
Tablet 2. 


Evaluation of Plastic Vessels-The plastic vessels were evaluated 
in the same manner as the glass tubing-produced vessels; the same ap- 
paratus was used. The experiment was conducted with Tablet 1 and then 
Tablet 2. 


Evaluation of Inside Bottom Curvature of Vessels-The water was 
removed from the bath used with the dissolution apparatus. The empty 
vessels were placed in position in the base of the apparatus. A slurry of 
60 g of plaster of Paris and 50 ml of water was poured into each vessel and 
allowed to set for 1-2 hr. The vessels were removed from the apparatus, 
and the plaster casts were removed. The casts retained the exact shape 
of the bottom inside curvature of the vessels. 


48.9 
47.6 42.0 4.73 
51.2 


45.6 
49.8 43.1 5.11 


47.2 41.7 4.82 
49.4 
49.2 
46.9 
50.5 
54.7 


43.9 4.16 


43.8 5.30 


RESULTS AND DISCUSSION 


The data obtained from different sets of molded glass vessels are given 
in Table I. With different sets of vessels, a mean difference of 8.8% of label 
claim was obtained between laboratories B and C for Tablet 1. When the 
same vessels were used to analyze Tablet 1 in both laboratories, the mean 
difference between laboratories dropped to 3.2%. When two sets of vessels 
were exchanged between laboratories A and B, mean results of 52.4 and 
49.3% of label claim, respectively, were obtained using one set, and 37.5 
and 42.7% of label claim were obtained for laboratories A and B, respec- 
tively, using the other set of vessels. 


The data indicate that there are significant differences between lab- 
oratories, even when the same vessels are used. The bias in results be- 
tween the laboratories was reduced considerably when the same sets of 
vessels were available to each laboratory. These vessels vary considerably 
with respect to flange thickness, inside diameter, and inside bottom 
curvature. A correlation between the physical dimensions of the vessels 
and the dissolution data is difficult to make because of this lack of uni- 
formity in all three critical areas. However, when plaster casts were made 
of the bottom of the vessels originally used by laboratory A, the impressed 
curvatures came to a distinct blunted point a t  what would he the bottom 
of the vessel. These curvatures were steeper than that of a sphere with 
a diameter equal to the width of the vessel. These vessels also gave the 
lowest results for Tablet 1. 


The data collected in the evaluation of the plastic and glass tubing- 
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Table IV-Dissolution Data  fo r  Tablet  2 from Glass Tubing-Produced Vessels Rearranged for  Two-way ANOVA 
~ 


Position Vessel 
Vessel 1 2 3 4 5 6 Xb i S D  


1 


2 


3 


4 


5 


6 


Position X 
Position SD 


37.5 
34.9 
35.5 
34.8 
33.9 
36.2 
32.6 
32.3 
36.0 
37.1 
56.8 
34.0 
36.8 
6.50 


36.7 
35.2 
35.7 
35.1 
35.6 
34.7 
38.1 
34.0 
39.3 
35.6 
49.6 
38.2 
37.3 


4.18 


34.9 
33.9 
39.3 
33.0 
34.5 
33.3 
33.7 
38.9 
49.8 
52.8 
39.6 
51.4 
39.6 


7.49 


58.7 
55.1 
52.0 
44.6 
57.7 
46.6 
40.6 
49.0 
65.2 
72.0 
69.5 
61.5 
56.0 


9.93 


45.8 
51.1 
37.3 
53.0 
36.7 
38.1 
42.0 
37.7 
39.9 
53.2 
57.5 
40.6 
44.4 


7.41 


46.5 
48.5 43.2 8.81 
57.0 
51.5 42.4 8.70 
55.0 
53.0 41.3 9.15 
54.0 
47.1 40.0 6.95 
61.0 
58.8 50.1 12.50 
58.2 
64.5 51.8 11.47 
54.6 
5.62 


0 Percent of label claim dissolved a t  30 min. * Mean and standard deviation of 12 individual tablets. 


Table V-Dissolution Data  for  Tablet  2 f rom Plastic Vessels Rearranged for  Two-way ANOVA 
~ 


Position Vessel 
Vessel 1 2 3 4 5 6 X b  iSDb 


35.4 38.3 39.7 42.1 40.8 47.6 
38.8 37.5 37.2 46.4 45.7 47.5 41.4 4.35 
36.6 40.9 33.7 42.2 42.6 41.7 
38.0 34.9 37.5 44.7 35.1 41.9 39.2 3.62 _ _  ~ 


40.3 
33.2 
39.9 


_. ~ 


31.8 32.8 
40.0 34.4 
35.3 39.3 


44.9 
45.3 
45.5 


37.1 
41.1 
35.5 


48.8 
46.9 
47.1 


39.7 5.90 


35.7 33.5 41.9 43.2 39.8 41.1 39.8 4.25 


33.8 33.9 39.2 46.4 37.4 41.4 38.6 4.49 


37.6 32.1 40.1 45.6 36.3 44.7 39.5 4.99 


5 38.4 33.0 33.5 44.1 39.7 42.7 


6 34.4 38.4 38.4 47.7 34.5 44.0 


Position 5 36.8 35.8 37.3 44.8 38.8 44.6 
Position SD 2.36 3.12 3.01 1.71 3.40 2.84 


0 Percent of label claim dissolved at  30 min. * Mean and standard deviation of 12 individual tablets. 


produced vessels were analyzed by a two-way analysis of variance 
(ANOVA) (8). The data collected from the test runs5, rearranged for the 
ANOVA, are shown in Tables 11-V. The data in the rows are for the in- 
dividual vessels and the data in the columns are for the individual posi- 
tions on the apparatus. (For example, the data in row one are the disso- 
lution results from vessel one after it had been placed in all six positions; 
the data in column one are the dissolution results from position one after 
all six vessels had been rotated to position one.) Table VI shows the re- 
sults of the ANOVA for each combination of tablet and vessel. 


Table VI shows the difference between the mean dissolution results 
for 72 tablets of Tablet 1 with the glass tubing-produced vessels and with 
the plastic vessels. Ideally the results should compare closely if both types 
of vessels are equivalent for use with Apparatus 2. However, the glass 
vessels give results that  are higher by 13.5% of label claim. 


Tablet 2 responded in a similar manner, but the overall difference in 
results is smaller (5.1%). The difference between the mean squares of the 
data from these two sets of vessels is more pronounced. The total mean 
square for the Tablet 2 results collected from the glass vessels is over five 
times that of the plastic vessels. 


Each of the mean squares listed in Table VI for Tablet 1 or 2 is an in- 
dependent estimate of the variance of that  particular tablet. These in- 
dependent estimates differ widely from each other in most instances. The 
smallest variance is the within-groups mean square, which is the pooled 
variance of the tablets taken under the most repeatable conditions for 
each experiment, i .e. ,  the mean of the variances derived from the dupli- 
cate results. The square root of the within-groups mean square gives the 
best estimate of the inherent standard deviation of the tablets. The 
standard deviation of Tablet 1 is 1.1% of label claim in the glass vessels 
and 2.0% of label claim in the plastic vessels. The standard deviation of 
Tablet 2 is 5.5% of label claim in the glass vessels and 2.7% of label claim 
in the plastic vessels. The overall standard deviations, derived from taking 
the square root of the respective total mean squares, are 3.6,5.1,10.4, and 
4.6% of label claim. Thus, Apparatus 2 is not measuring the variation of 
the tablets. Instead, the tablets are measuring the variations in Apparatus 
2. 


5 The data, in the original order taken, are available from the authors upon re- 
quest. 


The within-groups mean square was divided into mean squares asso- 
ciated with the vessels, apparatus position, and the interaction between 
vessels and apparatus position to obtain the F ratios shown in Table VI. 
The magnitudes of the F ratios indicate that there are statistically sig- 
nificant differences in the mean dissolution results associated with the 
individual vessels and apparatus positions. Tablet 1 showed differences 
between the individual glass vessels and between the individual plastic 
vessels. Tablet 2 showed differences only between the individual glass 
vessels. Both tablets showed differences between the apparatus positions. 
Finally, Tablet 1 revealed a significant interaction between the glass 
vessels and the apparatus positions. 


Tables 11-V clearly show where the major sources of the variations are 
located. The mean results of 12 tablets associated with a position on the 
dissolution apparatus (the column means) show that positions 4 and 6 
give higher results than positions 1,2,3,  and 5 for each combination of 
tablet and vessel type. I t  was established previously (7) that  the paddle 
shafts in positions 4 and 6 were not parallel with the other four shafts. 
If the other four shafts were made vertical, shafts 4 and 6 would each be 
misaligned in relation to the vertical axis of the respective vessel. Though 
misaligned, the shafts still meet the USP specification because each is 
within 0.2 cm of the vertical axis of its vessel a t  all points along the shaft. 
The manufacturers of dissolution equipment must take special care in 
the design and manufacture of their equipment if this source of variation 
is to be reduced. 


The mean results of 12 tablets associated with the glass vessels in Ta- 
bles I1 and IV show that vessel 4 gives the lowest mean and vessels 5 and 
6 the highest means for both Tablet 1 and Tablet 2. The rank correlation 
from the vessel giving the lowest results to the vessel giving the highest 
results is the same for both samples (vessels 4, 3, 2, 1, 5, 6). The mean 
results for the plastic vessels from Tablet 1 (Table 111) showed statistically 
significant differences; however, the mean results from Tablet 2 (Table 
V) were not significantly different. These findings indicate that Tablet 
1 is being affected by a characteristic of the plastic vessels to which Tablet 
2 does not respond. 


Plaster casts were made of the lower bottom curvatures of both sets 
of vessels. Visual inspection of the casts showed that all six of the glass 
vessels had a flattened area on the bottom. The flattened area was not 
uniform from one glass vessel t o  the next. Vessels 1, 2, and 3, although 
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Table VI-Results of Two-way ANOVA from Data Presented in Tables 11-V 


Tablet 1 Tablet 2 
Glass Plastic Glass Plastic 


Mean Square F Ratio Mean Square F Ratio Mean Square F Ratio Mean Square F Ratio F.95 


Vessels (rows) 23.0 18.2 37.8 9.8 288.2 9.5 10.7 1.4 2.5 
Apparatus posi- 117.6 93.2 278.1 71.6 886.9 29.4 193.3 26.2 2.5 


Interaction 7.5 6.0 4.0 1.0 31.3 1.0 7.9 1.1 1.8 
Subtotal 25.5 48.0 190.2 34.8 
Within-groups 1.3 3.9 30.2 7.4 
Total 13.2 25.6 109.1 20.9 
Mean for 57.0 43.5 44.8 39.7 


tion (columns) 


72 tablets 


exhibiting a flattened area, possessed some curvature over this area. 
Vessels 5 and 6 had areas of -1 cm in diameter that were almost com- 
pletely flat. Vessel 4 exhibited a curvature similar to vessels 5 and 6, ex- 
cept that there was a small indentation in the middle of the flattened 
area. 


Plaster casts revealed that all six plastic vessels had uniform bottom 
curvatures which were considerably greater than the curvatures of the 
glass vessels. The bottom curvatures of the plastic vessels did not vary 
from one vessel to the next as determined by visual comparison of the 
plaster casts. 


It is known that dissolution rate depends on the surface area of the 
dissolving substance in contact with the dissolution medium and the 
velocity of the liquid passing ovar the substance (9). A tablet which dis- 
integrates fairly rapidly into granules of sufficient specific gravity will 
appear as a rotating cone-shaped mass of particles on the bottom of the 
dissolution vessel shortly after being introduced to Apparatus 2 (Fig. 1). 
If the inner surface of the vessel is symmetrical around the center axis 
of the paddle, liquid flow in a vessel with a small indentation in the bot- 
tom or with a steeper curvature will gather the particles into a more 
compact mass than in a vessel with a flatter curvature. If the inner surface 
of the vessel is not symmetrical around the center axis of the paddle, the 
liquid flow in the vessel will not Se symmetrical; the tablet particles will 
be more agitated, and the conical shape of the mass of particles may he 
disrupted as the asymmetrical flow of liquid buffets the particles. 
Asymmetrical liquid flow can be generated by a misaligned paddle, i.e., 
a paddle whose center axis does not coincide with the cylindrical axis of 
the vessel, as well as by a vessel that is not symmetrical. 


These hypotheses may explain the differences between the tablet re- 
sults associated with the glass vessels and with apparatus positions. They 
may also explain the fact that significant interactions exist between the 
glass vessels and the apparatus positions for Tablet 1. If the individual 
vessel curvature and paddle misalignment are unique, the liquid flow 
pattern, and thus the tablet results, will be unique for that combina- 
tion. 


Tablet 1 revealed significant differences which were associated with 
the plastic vessels. Table 111 shows that vessel 6 gave higher results than 
the other five vessels. No physical difference was observed which would 
account for the higher results in vessel 6. Vessel 6 was obtained at  a later 
time to replace one of the original vessels that was broken before any 
testing was conducted. As the manufacturing history of none of the vessels 
is known, this observation may be meaningless; on the other hand, it may 
point to a subtle difference in manufacture of the plastic vessels. 


Since the plastic vessels are physically more uniform than the glass 


Table VII-Physical Measurements a Relating to Vessel 
Curvature 


Vessel 
Diameter 


h b  Calculated Measured 


Glass 1 
2 
3 
4 
5 
6 


Plastic 1 


11.5 
11.9 
11.5 


107.9 103.2 
105.1 102.1 
107.9 100.7 


10.7 114.3 102.7 
9.9 121.9 102.3 ... 


10.7 
12.3 
12.7 


114.3 101.7 
102.5 101.5 
100.0 101.2 


12.3 102.5 101.4 
12.7 100.0 101.3 
i2.7 100.0 101.2 
12.7 100.0 101.4 


All measurements in mm. Chord length ( L )  was 66.6 mm in all vessels. * Per- 
pendicular distance from center of chord to circumference of circle. 


vessels, the plastic vessels are preferable for dissolution testing. The 
chance for bias in dissolution results between laboratories is less if the 
plastic vessels are used. The USP specifies that the inside bottom cur- 
vature for the dissolution vessels be spherical. Thus, a quantitative de- 
termination of vessel curvature for comparison to that of a sphere is re- 
quired before a conclusion can be reached about the suitability of the 
vessels for use in the USP dissolution test. 


The following relationship exists between the diameter of a circle and 
a chord parallel to the diameter: 


D = (L2/4h) + h (Eq. 1) 


where D is the diameter, L is the chord length, and h is the perpendicular 
distance from the center of the chord to the circumference of the 
circle. 


A diameter was calculated from the equation for each vessel by de- 
termining the values of h and L. A mechanic’s depth gauge6 was used for 


,+\ 


Figure 1-Vertical cross-sectional view of USP Apparatus 2 illustrating 
formation of cone-shaped mass of particles due to a symmetrical liquid 
flow. 


Combination depth and angle gauge, No. 236, L. S. Starrett Co., Athol, MA 
01331. 
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this purpose. The base of the gauge was measured for the chord length 
( L ) .  The gauge was then set inside the vessel with the ends of the gauge 
base resting on the curved surface of the vessel. The distance (h)  between 
the base and the bottom of the vessel was taken from the gauge rule. The 
cylindrical diameter of the vessel was then taken 2 to 3 cm above opposite 
points where a tangent to the curved bottom of the vessel coincides with 
the vessel wall. Inside calipers were used for this purpose. 


Table VII shows the measurements taken from the vessels and the 
comparison of the theoretical diameters calculated from these mea- 
surements with the actual diameters. The glass vessels possess a flatter 
curvature than a sphere of the same diameter. The curvature of the plastic 
vessels closely approximates a sphere of the same diameter. When the 
results from plastic vessels differ from those obtained from glass vessels, 
the results from the plastic vessels are more correct, because the plastic 
vessels conform more closely to the USP specifications. 


CONCLUSIONS 


Differences in the bottom curvature of dissolution vessels can cause 
bias in the dissolution results obtained from prednisone tablets. Vessels 
with a curvature which is less (flatter) than that of a sphere cause a high 
bias. Vessels with a curvature that is greater (steeper) than that of a 
sphere cause a low bias. The plastic vessels are more uniform than glass 
vessels and possess a curvature that more closely approximates the cur- 
vature specified in the USP. As such, they are preferable to the glass 
vessels for use in the dissolution test when the drug is not adsorbed and 
the vessel is not attacked by the dissolution medium. 


The dissolution rate is controlled by the velocity of the liquid passing 
over the tablet. The liquid velocity a t  any point in a stirred vessel is 


controlled by the stirring rate and the geometry of the system. An ide- 
alized geometry is defined in the USP. Minor variations from this ide- 
alized geometry, such as those discussed in this paper and previously (7), 
change the liquid velocity in the vicinity of the tablet and, thus, the dis- 
solution results. If the reproducibility of the test is to be improved, 
equipment must be made available which allows the analyst to adhere 
to this idealized geometry as closely as possible. 
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ABSTRACT A high-pressure liquid chromatographic procedure was 
developed to determine the D and L isomers of moxalactam in human 
plasma and urine. After protein precipitation with hydrochloric acid the 
sample was extracted with ethyl acetate. It was then back extracted into 
tromethamine buffer (pH 8.0) and washed with octanol. Extraction re- 
covery from plasma ranged from 73-81%. An aliquot of the tromethamine 
buffer was then injected onto a Cls-KBondapak column. The mobile 
phase was 3% acetonitrile in 0.05 M ammonium acetate pH 6.5 buffer. 
Samples were quantitated by UV detection at 275 nm and 0.01 aufs. The 
lower limit of detection was 0.5 fig/ml for each isomer. Preliminary sta- 
bility studies were performed to assess proper sample handling and 
storage conditions. The procedure was evaluated in a clinical setting to 
demonstrate its applicability to the study of moxalactam pharmacoki- 
netics in critically ill patients. 


Keyphrases 0 Moxalactam-determination in human plasma and urine 
by high-pressure liquid chromatography, D and L isomers 0 High-pres- 
sure liquid chromatography-determination of moxalactam in human 
plasma and urine, D and L isomers 0 Anti-infective-moxalactam, 
high-pressure liquid chromatographic determination, D and L isomers 


Moxalactam is a new oxycephalosporin derivative 
undergoing clinical trials in the United States and Europe. 
I n  vitro experiments have demonstrated that moxalactam 
is active against a broad spectrum of microorganisms, in- 
cluding resistant Gram-negative bacteria such as Pseu- 


domonas aeruginosa and Bacteroides fragilis, some in- 
dole-positive Proteus species (l), P-lactamase-producing 
strains of Enterobacteriaceae (2), and clinical isolates 
shown to be cephalosporin resistant (3). Its expanded 
spectrum of activity compared to conventional P-lactam 
antibiotics is attributed to replacement of the thio group 
at the 1 position of the dihydrothiazine nucleus with an 
oxygen moiety (4). 


The pharmacokinetics of moxalactam elimination 
usually have been evaluated employing standard micro- 
biological techniques (5 ,6) .  However, a more specific an- 
alytical procedure was required for pharmacokinetic 
studies of this compound in critically ill patients. A high- 
pressure liquid chromatographic (HPLC) assay developed 
recently, although more specific than microbiological 
techniques, had limited applicability in the critical care 
setting1. A more specific HPLC analysis was required for 
studies in seriously ill patients. The present report de- 
scribes a suitable HPLC procedure for the quantitation of 
both moxalactam isomers in patient plasma and urine. 


D. d. Miner, D. L. Coleman, A. M. Shephend, and T. Hardyn, Antimicrob. 
Agents Chemother., in press. 
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Abstract  0 Microcapsules were prepared by the ethylcellulose coacer- 
vation process which is based on the differential thermal solubility in 
cyclohexane. When a protective colloid, polyisobutylene, was present in 
adequate concentration, individually film-coated core particles formed. 
However, they were accompanied by small empty coacervate droplets, 
detectable by microscopic observation. Below the critical colloid con- 
centration, the product had the form of an aggregate, in contrast to in- 
dividual film-coated microcapsules. Increase of colloid concentration 
yielded microcapsules of higher drug content, because the coating became 
progressively thinner; there was a corresponding increase in the release 
rate of drugs from the microcapsules. Since the initial wall polymer/drug 
ratio and the particle size are constant, the drug content varied with the 
thicknesses of the wall membrane. This is shown here by removal of 
empty coacervate droplets by repeated decantations, enabling determi- 
nation of drug content by chemical analysis. In contrast to results re- 
ported in the literature, in the presence of a protective colloid, micro- 
capsule drug content decreased with decreasing particle size of the drug. 
This was caused by more complete uptake of the wall polymer on the 
increased surface of core material. The effect of protective colloid con- 
centration on the apparent loss of wall polymer as empty droplets closely 
paralleled its effect on the size of stabilized coacervate droplets when core 
material was absent. I t  is proposed that stabilized droplet formation is 
a side reaction when core material is present, causing changes in wall 
thickness. This reaction not only affects the efficiency of the coating 
process but may be utilized to control wall thickness. First-order con- 
stants for drug release from salicylamide and theophylline microcapsules 
followed the same pattern as wall thickness and confirmed the validity 
of the measurements. 


Keyphrases 0 Polyisobutylene-effect on ethylcellulose-walled mi- 
crocapsules 0 Microencapsulation-effect of polyisobutylene on ethyl- 
cellulose-walled microcapsules, wall structure and thickness of salicyl- 
amide and theophylline microcapsules 0 Coacervation-ethylcellulose 
effect on polyisobutylene on microencapsulation process 


Although ethylcellulose is the most widely used coating 
material in microencapsulation, the basic coacervation 
process has been carried out under a variety of conditions 
(1, 2). Previous experimental results demonstrate that 
changes in the basic technique, essentially temperature 
reduction of a hot cyclohexane solution, markedly influ- 
ence the quality and characteristics of the microcapsules 
formed. Among variations introduced has been the use of 


protective colloids such as polyethylene (2,3), butyl rubber 
(4 ,5) ,  and polyisobutylene (6) .  Observation of microcap- 
sules prepared in the absence of a protective colloid (7-9) 
reveals aggregates of coated particles, whereas individual 
microcapsules consisting of single core particles uniformly 
coated are formed when a protective colloid is present 
(3). 


Dhruv et al. proposed ( 1 0 , l l )  that the extent and in- 
tegrity of microencapsulation in the gelatin-acacia coa- 
cervation system is largely dependent on the coacervate 
volume, which changes with various experimental pa- 
rameters in the absence of core material. The effects of 
polyisobutylene on the basic ethylcellulose coacervation 
process was recently studied (12). The polyisobutylene 
concentration was shown to control the phase coacervation 
volume and the final ethylcellulose coacervate droplet size. 
The present work investigated the effect of polyisobutyl- 
ene concentration and particle size of core material on the 
wall/core ratio and drug release from microcapsules. It was 
attempted to relate these parameters to the underlying 
causes revealed by earlier studies. 


EXPERIMENTAL 


Materials-Ethylcellulosel (N-type) had an ethoxyl content of 
47549.0%. The viscosity of a 5% (w/w) solution in toluene-ethanol(8020 
w/w) was 100 cps’. Polyisobutylene2 had a molecular weight of 380,000. 
Salicylamide3 conformed to NF XIV and theophylline4 conformed to BP 
1973. 


Preparat ion of Microcapsules-The method of preparation, de- 
veloped with modifications from an earlier technique ( l ) ,  was described 
elsewhere (12). The core and wall materials5 were added to the stirred 
cyclohexane-polyisobutylene solution (250 or 300 rpm). The mixture was 
then heated to 80”, and allowed to cool a t  a controlled stirring rate to 45O. 


Hercules, Wilmington, Del. 
Oppanol B50, BASF, Ludwigshafen. West Germany. 
Sigma, Saint Louis, Mo. 
May and Baker, Dagenham, England. 
The quantities used were always adjusted to 100 g total weight with cyclo- 


hexane. 
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Figure 1-Rotating basket showing dissembled parts used for release 
of drugs from microcapsules. 


It was cooled very rapidly using ice to 25' and stirred for another 15 
min. 


The microcapsules were separated from the solution by decantation 
aIid rinsed with three 200-ml portions of cyclohexane to remove any 
polyisobutylene adsorbed at the microcapsule interface and any empty 
wall polymer coacervate droplets. They were collected by vacuum fil- 
tration and oven-dried at 50' for 30 min, yielding a free-flowing 
powder. 


All batches were duplicated. When the content of active ingredient 
deviated more than 3 4 %  between batches, a triplicate was performed. 
The effect of each experimental parameter was studied while the other 
parameters were kept constant for each drug. Segregation of the core 
materials was effected by standard mesh sieves. 


Solubility of Drugs in  Coating Solution and Drug Losses-Anal- 
ysis of the clear supernatant layer obtained when the drug suspension 
was allowed to settle at 80' showed that the solubilities of salicylamide 
and theophylline in the coating polymer-protective colloid mixture were 
<0.02 and <0.01%, respectively. The particle size distribution of the core 
material, checked microscopically, did not appear to change significantly 
during the microencapsulation process. No uncoated drug particles were 
observed in the apparatus or in the batch after the process. 


Evaluation of the Microcapsules Prepared-Determination of 
Microcapsule Content-The microcapsules were dissolved in chloroform 
and assayed spectrophotometrically a t  306 and 276 nm for salicylamide 
and theophylline, respectively, using a calibration curve based on stan- 
dard solutions in chloroform. Ethylcellulose did not absorb in chloroform 
at these wavelengths. 


Determination of Loss of Wall Polymer-The percentage loss was 
calculated as follows for each batch prepared. The total weight of mi- 
croencapsulated product obtained, i.e., core and coating material, WT, 
in a given batch was obtained from: 


WT = Wo/F (Eq. 1) 
where Wo is the initial amount of drug used and F is the fractional drug 
content of isolated product, by weight, determined experimentally. The 
assumption that none of the drug is lost or remains uncapsulated was 
validated earlier. The weight of the coat in the product, WEC, is given 


WEC = WT - WO (Eq. 2) 


by 


If WEO is the initial amount of wall polymer available for microencap- 
sulation, then: 


100 (WE0 - WEC) 
WE0 


(Eq. 3a) percent loss of wall polymer = 


1 wo = 100 1 + - (1 - 1/F) 1 WE0 
(Eq. 3b) 


For the case in which WO = WEO, this simplifies to6: 


percent loss of wall polymer = 100 (2 - 1/F) (Eq. 3c) 


For an example, see Table I, 8% (w/w) polyisobutylene. The calculation 
for a 100-g system is as follows: 


The authors acknowledge the reviewer's suggestion to write the equation as 
a function of the fractional drug content. 


Figure 2-Scanning electron micrographs of ethylcellulose-microen- 
capsulated salicylamide prepared in the absence of po1,visobutylene (5% 
salicylamide and 5% ethylcellulose at 300 rpm). 


wT=-= 5.512 
0.907 


WEC = 5.512 - 5 = 0.512 


ethylcellulose loss = 89.76% (w/w) 


Wall Thickness-The wall thickness of the microcapsules was calcu- 
lated from the particle size of the core material and the relative densities 
of the wall and core material. Quantitative expression of the relationship 
requires use of a shape factor, and because particle shape and size vary 
widely, even within batches of a single core material, it is generally as- 
sumed that the core particles are spherical and the capsule wall is uni- 
form. This enables the use of a simplified model in which the microcap- 
sule is considered to be composed of two spheres. Using the appropriate 
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Table I-Effect of Polyisobutylene Concentration on Salicylamide Microcapsule Contents and Properties with 5% Salicylamide a 
(100-200 mesh) and  5% Ethylcellulose a at 300 rpm 


Phase 
Wall Ethylcellulose Coacervation 


Polyiso- Drug Content, Thicknessb, LossC, Volumed, kLe, 
butylene", % mean percent f S D  pm f SD % f S D  ml lo3 miti-1 


47.6f 19.21 0 20 8.031 0 
3 
5 51.2 f 0.2 17.2 f 0.1 4.5 f 0.8 58 1.60 
6 50.8 f 0.9 17.4 f 0.5 2.9 f 3.4 59 1.55 


51.4 f 1.0 17.0 f 0.5 5.5 f 3.8 59 1.62 
7.5 66.2 f 0.4 10.3 f 0.1 49.0 f 0.6 - 2.04 
7 


8 90.7 f 0.6 2.4 f 0.1 89.8 f 0.6 68 11.2 
9 95.1 f 1.1 1.2 f 0.3 94.8 f 1.3 869 18.0 


- 48 - - - 


a Percentages of materials (w/w) were based on the total weight of the initial suspension containing all the components. t~ Calculated by means of Eq. 4; the standard 
deviation estimate was based on the drug content analyses. c Calculated by means of Eq. 3; the standard deviation estimate was based on the drug content analyses. Parallel 
experiments performed in the absence of core material (12). e First-order release constant. f In the absence of polyisobutylene or at  low concentrations, the wall polymer 
separated as an aggregate, both in the absence and presence of core material (see Ref. 12) and the microcapsules formed were of the matrix-coat type. 2 Coacervate phase 
volume continued to increase above 9% of polyisobutylene. 


Table 11-Effect of Polyisobutylene Concentration on  
Theophylline Microcapsule Contents and Properties at 
Different Particle Sizes a with 5% Theophylline and  5% 
Ethvlcellulose at 250 rDm 


Drug Wall Ethylcellulose 


% % Pm % 103 min-1 
Polyisobutylene, content b, thickness, Loss, hiC, 


Particle size, 100-200 mesh 
5 56.7 14.2 23.5 2.58 
7 66.0 9.9 48.5 4.75 
8 72.0 8.0 61.1 8.15 
9 82.4 4.7 78.6 16.85 


0 See Table I for key. b All data show the mean value for two batches (3-7% de- 
viations). Correlation coefficients of the first-order plot (see Fig. 7)  were 
0.999-0.998. 


relationship (13), expressed in terms of fractional drug content6, a mean 
spherical wall thickness is estimated as: 


where r l ,  r2 are the mean radii of the microcapsules and the core particles, 
and dEc, d, are the densities of ethylcellulose and the core materials. The 
densities of the microcapsules and the core and wall materials were de- 
termined in cyclohexane using a pycnometer. Dried materials were used 
and volume adjustment was completed in a few seconds to avoid imbi- 
bition and swelling. The results were duplicated exactly and were within 
2% of literature values. 


Microscopic Studies-Optical7 and scanning electron microscopys 
were used to evaluate the quality of the coating obtained under the var- 
ious conditions used. 


Release of Microencapsulated Material-Release of active ingre- 
dients from the microcapsules was measured using a rotating basket 
dissolution apparatus similar to that described in the USP XIX, modified 
by use of a 100-ml perspex basket in place of the wire mesh, the wall of 
which was pierced by four windows and covered by a nylon screen (80-100 
mesh) bonded permanently by means of epoxy resin to the inner wall, 
to prevent exit of the microcapsules (Fig. 1). The upper side was pierced 
by eight holes, sealed with the same nylon screen, and the perspex hol- 
low-ring screw-on base contained a nylon screen insert. The basket was 
rotated at  100 rpm (53%) by means of a constant-rate adjustable stirrerg, 
using a covered beaker containing 1 liter of water a t  37 f 0.5". Drug re- 
lease was determined spectrophotometricallylO using a flowcell with a 
pump'l and automatic recording (sample size, 50-100 mg). There was 
no turbulence, as checked by measurement of dissolution rate of standard 
pellets of pure benzoic acid. 


The wavelengths used for salicylamide and theophylline were 298 and 


Tiyoda, Tokyo, Japan. 
8 Cambridge Instrument Co.. Enrland. 


Fisher Stkdi-speed model, PittGburgh, Pa. 
lo Unicam S P  1800, Pye Unicam Ltd., Cambridge, England 
l1 Model MHRK, Watson-Marlow, Falmouth, England. 


Table  111-Effect of Particle Size of Salicylamide and 
Theophylline on Coating Parameters  and Release Rates of 
Drugs from Microcapsules a 


Particle Size Content, Thickness, EC Loss, k ,  b ,  


Drug Wall Ethylcellulose 


Mesh % um % 10" min-1 


5% Salicylamide, 7% Polyisobutylene, and 5% Ethylcellulose a t  
300 rpm 


40-60 89.3 8.3 88.0 2.13 
60-80 75.4 13.3 67.3 1.88 


100-200 51.5 17.0 5.8 1.60 
200-300 50.5 9.8 1.8 5.40 


5% Theophylline, 5% Polyisobutylene, and 5% Ethylcellulose a t  
250 rum 


60-80 76.2 12.7 68.7 0.50 
80-100 67.5 14.1 51.9 0.55 


100-200 56.7 14.2 23.5 0.58 


See Tables I and 11 for key. Correlation coefficients, 0.999 


272 nm, respectively. Dissolution experiments were duplicated and were 
closely reproducible. 


RESULTS AND DISCUSSION 


Appearance of Microencapsulated Core Materials-From the 
preliminary experimental results, it was observed that the presence of 
polyisobutylene a t  a minimal concentration was vital to the formation 
of individual microcapsules. The use of concentrations between 0 and 
2% failed to give good reproducible microcapsules. The final product 
obtained after sieving (1190-840 pm) was composed mainly of large ir- 
regular aggregated masses, which were dispersions of core material in 
ethylcellulose as shown by scanning electron microscopy (Fig. 2). Mi- 
croscopically, it was impossible to distinguish individually coated par- 
ticles inside the mass. 


Deasy et al. (9) obtained a product with surface properties closely 
similar to the aggregates shown in Fig. 2. The particle size of their product 
ranged between 1190 and 300 pm, and although an increase in the pro- 
portion of finer aggregates was achieved by drastic increase in agitation 
rate and slowing down of the cooling rate, the nature of the coated par- 
ticles was essentially unchanged. 


The minimum polyisobutylene enabling formation of individually 
microencapsulated core particles was 3%. However, high turbulence in 
the system a t  this concentration, in which the viscosity was low, led to 
losses of wall polymer by adhesion to the container walls during the 
cooling phase, while reduced agitation led to adhesion to the stirrer and 
bottom of the vessel. Such losses were negligible under the experimental 
conditions used when 5% protective colloid was added. 


Photomicrographs (Fig. 3) of salicylamide and theophylline micro- 
capsules in cyclohexane show that each particle was uniformly coated 
and no aggregation of the microcapsules occurred even after decantation 
and separation (Fig. 4). The coacervated polymer droplets formed a 
smooth continuous coat around each particle, markedly different from 
the surface characteristics of pure salicylamide. Clearly, the presence of 
an adequate polyisobutylene concentration in the coacervation process 
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Figure 4-Scanning electron micrograph of salicylamide microcapsules 
(see text). 
tration. However, routine microscopic and scanning electron microscopic 
observation of the products led to detection of varying amounts of empty 
spherical particles of wall material in the different batches which evi- 
dently were solidified coacervate droplets (Fig. 6). They were removed 
by the repeated decantation to obtain drug-filled microcapsules alone. 
Since quantitative recovery of empty shells proved to be laborious and 
some microcapsules were lost in the separation, the drug content of the 


Figure 3-Photomicrographs of theophylline microcapsules, A (5% 
theophylline, 5% ethylcellulose, and 5% polyisobutylene at  250 rpm) 
and salicylamide microcapsules, B (5% salicylamide, 5% ethylcellulose 
and 5% polyisobutylene at  300 rpm). 


enables formation of such a continuous wall, which may be termed a 
film-coat, as opposed to the spongy aggregate matrix obtained in the 
absence of protective colloid or a t  a low concentration. 


These different forms have perhaps not been adequately distinguished 
in the literature; both are produced by the same basic cooling coacervation 
method according to the experimental conditions used, and both are 
described as microcapsules. The particle size of those possessing a ma- 
trix-type wall would be expected to be inadequate as a parameter for their 
characterization and their properties would be expected to vary consid- 
erably even at  constant particle size, depending on porosity and shape 
factors and the number of core particles entrapped. On the other hand, 
in the film-coat type, the shape of the core particle is maintained even 
when these are highly asymmetrical (Fig. 5). The film thickness appears 
enlarged in the photomicrographs (Fig. 3) because of swelling of the coat 
in the original solution or pure cyclohexane. For this reason, no direct 
measurement of the film thickness could be performed using an optical 
microscope. Experiments were performed with other solvents such as 
glycerin and liquid paraffins, but in this case it was difficult to distinguish 
the wall clearly. 


Effect of Polyisobutylene Concentration-In studies of the influ- 
ence of the protective colloid concentrations, it is not expected that the 
mean drug content of the microcapsules would change if the initial 
amounts of wall and core material and the particle size were kept con- 
stant, provided the drugs are insoluble in the hot and cold solvent mix- 
tures and the core and wall materials are totally incorporated in the final 
microcapsules obtained. Alternatively, such losses of core and wall ma- 
terial that do occur should be independent of protective colloid concen- 


Figure 5-Scanning electron micrograph of theophylline microcapsules 
(see text). 
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Figure 6-Scanning electron micrograph of salicylamide microcapsules 
(250-300 pm) with empty spherical coacervate droplets (40-60 pm). 
purified microcapsules was determined analytically. Then, from the 
initial quantities of materials used, assuming that all the available drug 
had been microencapsulated uniformly (as was confirmed by experi- 
mental observation) the amount of wall polymer in the microcapsules 
was calculated and hence the amount “wasted.” 


This method, described in the experimental section, has not yet been 
applied to the microencapsulation process. Use of equations for con- 
centric spheres (13) enabled estimation of mean equivalent sphere coat 
thickness. This calculation probably gives a reasonably true value for 
salicylamide but a hypothetical one for theophylline due to the crystal 
shapes (Fig. 3). Repeat batches treated in this way proved to have re- 
producible drug contents, indicating that stirring conditions, cooling rate, 
and the separation process were well controlled (Table I). 


The drug content of the microcapsules, as seen in Table I, was constant 
up to 7% of polyisobutylene, but then rose sharply indicating decrease 
of uptake of wall material by the core particles, which is shown calculated 
as percentage ethylcellulose loss. The equivalent wall thickness also ex- 
presses this trend, and since drug release rate from the microcapsules 
followed first-order kinetics (Figs. 7A and 7B), release-rate constants12 
were evaluated for the series; they are inversely related to the mean wall 
thickness in salicylamide (Table I). The same protective colloid effects 
are evident in the preparation and data of theophylline microcapsules 
(Table II), although with this core material, the concentration effect is 
gradual rather than drastic. 


Relation to Wall Polymer Coacervation-In considering possible 
causes of the observed decrease of coating efficiency, it is tempting to 
assume that excess wall polymer was used, so that decreasing its quantity 
will eliminate the losses. However, halving the amount of ethylcellulose 
to 2.5% (w/w) at the 5% level of polyisobutylene, with the other conditions 
as in Table I, yielded microcapsules which, after purification, contained 
87.9% salicylamide, corresponding to 72.4% loss of ethylcellulose, com- 
pared with 4.5% loss at 5% wall polymer. Initial studies over a wider range 
of core and wall concentrations confirms this trend and will be reported 
upon completion. 


In ethylcellulose coacervation studies performed in the absence of core 
material (12) under the same conditions used in Table I, the phase coa- 
cervation volume, which was small at low concentrations of protective 
colloid, rose sharply at first and flattened out to give a constant value 
between 5 and 7% of polyisobutylene. Above this level of additive, the 


~~ 


12 A full analysis of the release kinetics of microcapsules made by this method 
is the subject of the second part of this investigation. 
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Figure 7-Salicylamide release from microcapsules prepared using 
different polyisobutylene concentrations; linear plot (A) and first-order 
plot (B). 


coacervation volume rose very steeply toward 100% of the total volume, 
reached at 10% additive. Values (Table I) ran in a manner closely similar 
to drug content. The coacervate droplet size in the absence of core ma- 
terial was shown to change inversely to the phase coacervation volume 
(12). The relation of the effects of polyisobutylene on coacervation and 
microencapsulation parameters are more clearly evident graphically (Fig. 
8). Microcapsule wall thickness remained relatively constant as did re- 
lease rate from the microcapsules and coacervate droplet size at 5-7% 
polyisobutylene; above this range they changed steeply, with thickness 
and droplet size falling and release rate rising. The related function, loss 
of ethylcellulose, followed an inverse pattern to wall thickness. It is clearly 
indicated that the coating ability for salicylamide falls off drastically as 
the protective colloid concentration exceeds a critical value, at which the 
droplet size also undergoes drastic change and the coacervation volume 
rises (Table I). 


It seems that the microcapsule coating process reflects more funda- 
mental changes arising from the coacervation process. 


The sudden increase in coacervation volume above 7% in the absence 
of core material was considered due to a combination of decrease in co- 
acervate drop size and increase in viscosity, the former effect resulting 
from stabilization of the droplets by adsorption of polyisobutylene as a 
protective colloid at  an earlier stage in droplet growth (12). Such stabi- 


Journal of Pharmaceutical Sciences I 209 
Vol. 71, No. 2, February 1982 







I 


- 8  


I 
si‘ I 


4 24 


0-  0 2 4 6 8 
POLYISOBUTYLENE, % w/w 


Figure &Effect of polyisobutylene concentration o n  coacervate and 
microcapsule parameters (core material: salicylamide; see Table I for  
conditions). Key:  0,  wall thickness; 0, coacervate droplet size; A, eth-  
ylcellulose loss; and ., first-order release rate constant (ki). 


lized coacervate droplets, suspended in the solvent, were unable to coat 
core material when the two were mixed and stirred together a t  room 
temperature. Therefore, it is proposed that the mechanism of the effects 
observed on increasing the protective colloid concentration above a 
critical level is that  diffusion and growth of wall polymer from the coac- 
ervate microdroplets separating out during cooling is inhibited by increase 
in viscosity, and a larger proportion of droplets are stabilized when they 
are still small, becoming less available for use in coating. 


Effect of Particle Size-The drug content of the microcapsules de- 
creased with reduction in core particle size (Tables I1 and 111). With a 
fixed amount of core material, particle size reduction leads to increase 
in the specific surface. The corresponding minimization in the loss of wall 
polymer may be attributed to the availability of the additional surface 
for entrapment of separating coacervate droplets. I t  can also be seen that 
a t  equivalent particle sizes there is a tendency for ethylcellulose loss to 
vary from one drug to another, probably due to differences in particle 
shape or surface energy13. 


The variation in drug content of the microcapsules as a function of 
particle size is reflected in the drug release rates, which change inversely 


Is Although different stirring rates were employed, this factor was found insuf- 
ficient to account for the differences between the two drugs. 


with wall thickness14 (Tables 11,111). However, the precise quantitative 
relationship cannot be tested without allowing for size distribution and 
shape factors, considerations that are beyond the scope of this study. 


The particle size effect fits the mechanism proposed. Considering the 
coating and stabilization of empty droplets as competitive processes, the 
former will be favored a t  the expense of the latter by surface area increase 
of the core material, which should enhance the rate of uptake of the 
separating ethylcellulose. 


In fact, the results obtained in this work are in contradiction to those 
published in the literature. I t  is well accepted that a t  a constant ratio of 
coat polymer to drug, decrease of particle size leads to a decrease in wall 
thickness and an increase in release rate (13). This is true only if in the 
specific microencapsulation process all the coating polymer is used up 
in building the wall. Microencapsulation using ethylcellulose coacervated 
in the presence of protective colloid gives a unique system in which the 
latter prevents empty stabilized coacervated droplets from interacting 
with microcapsules, and encourages formation of a continuous uniform 
film coat which retains the shape of the core material. 


The results also show that by means of particle size change, the effec- 
tive coating efficiency may be varied between high and low levels with 
consequent change of wall thickness while retaining a true film coating. 
The question of whether the amount of initial wall material used is in 
excess or not has a different relevance in a system in which the concen- 
tration of protective colloid is one of the major controlling factors in the 
efficiency of the coating process. By choice of suitable protective colloid 
concentration or particle size, full efficiency can be achieved without 
changing the initial wall polymer concentration. 
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Abstract L-Asparaginase was immobilized in microparticles of poly- 
acrylamide. Such particles were then injected by intramuscular/subcu- 
taneous, intraperitoneal, or intravenous routes into mice to investigate 
the immunological consequences of the immobilization. Entrapment of 
L-asparaginase in microparticles did not prevent the formation of anti- 
bodies in intensively treated animals. Intraperitoneal and intravenous 
injections of particles produced significantly higher antibody levels than 
soluble L-asparaginase. Antigen administered intramuscularly/subcu- 
taneously in microparticles elicited, however, a weak immune response. 
Dependent on the route of administration, the particles may thus func- 
tion as an adjuvant. A modified Arthus reaction in the foot pads of im- 
munized mice indicated that antigenicity decreased when L-asparaginase 
was immobilized in microparticles. Injection of free L-asparaginase, in- 
tramuscularly/subcutaneously (2 X 20 IU) in the preimmunized mice 
produced no effects on the serum level of L-asparagine, whereas intra- 
muscular/subcutaneous injection of L-asparaginase in microparticles 
produced a depression of the serum concentration. It is concluded that 
the intramuscular/subcutaneous injection of L-asparaginase in micro- 
particles is the choice route of administration with respect to duration 
and the immunological reaction. 


Keyphrases L-Asparaginase-immunological properties of immo- 
bilized L-asparaginase in microparticles 0 Microparticles-immuno- 
logical properties of immobilized L-asparaginase Immunological 
properties-of immobilized L-asparaginase in microparticles 


~~~~~ ~ 


Exogenous enzymes have been used increasingly in bi- 
ological systems to test their usefulness in treating genetic 
disorders, e.g. ,  lysosomal storage diseases (1, 2), or for 
therapeutic purposes, e.g. ,  L-asparaginase to depress cir- 
culating L-asparagine in the treatment of acute lymphatic 
leukemia (3). These enzymes are often used in the immo- 
bilized or polymerized form in order to prolong their du- 
ration (4-6). However, the desired prolonged effect is 
seemingly in conflict with the efforts to decrease their 
immunological properties manifested by the production 
of antibodies and hypersensitivity reactions, which is en- 
hanced when exposure to the exogenous protein is pro- 
longed. Thus, enzymes in liposomes have been shown to 


be immunogenic’. The liposomes have even, in some in- 
stances, been shown to exert adjuvant effects (7). This 
effect may be due partly to leakage of enzyme molecules 
out of the liposomes or lysis of the liposomes, but the 
findings that the adjuvant properties are related to the 
compositiodof the liposomes (7,s) suggest that the adju- 
vant effects are inherently connected with the liposomes 
themselves. Likewise, polymethylmethacrylate has been 
shown to increase the immunogenic properties of simul- 
taneously administered influenza virons (9). The adjuvant 
effect is strongly correlated to the route of administration, 
with intravenous or intraperitoneal injections of the im- 
mobilized systems generally producing relatively higher 
antibody titers (7, 10). 


The present study was undertaken to investigate the 
immunological consequences of the utilization of micro- 
particles of polyacrylamide as carrier of exogenous proteins 
in uiuo. The polymer itself is not immunogenic (ll), but 
immobilized proteins are partly localized on the surface 
of the microparticles during the preparation as evidenced 
by their interaction with cellular surface structures (12) 
or affinity chromatography material (13). Even if the major 
portion of the immobilized protein is secluded inside the 
microparticles, the fraction on the surface should exert 
immunological properties. The aim was to find the optimal 
route for the administration of immobilized L-aspara- 
ginase. 


EXPERIMENTAL 
Materials-Aspartate aminotransferase2 (83 IU/mg) isolated from 


porcine heart, and malic dehydrogenase2 (2000 IU/ml) from pigeon breast 


In the present paper, the term immunogenic is used to describe the property 
of a macromolecular system to evoke an immunological response, e.g., antibody 
production and T-cell stimulation, while the term antigenic is restricted to the 
property to  react with the immunological effectors in a sensitized organism. * Sigma Chemical Co. 
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Figure 1-Antibody response in mice after immunization with L-asparaginase in microparticles or in soluble form. 5 IU of L-asparaginase was 
administered on the days indicated by arrows at the top of thegraphs. The antibody titer of the serum is measured by Ouchterlony double diffusion 
as described under Materials and Methods. (a) L-Asparaginase was given imlsc in microparticles (e-e) or in free form (e - - - e), with Freund’s 
completelincomplete adjuvant in the back of micel0. (b) L-Asparaginase was given imlsc in microparticles (@-e) or in free form ( O - - - @ ) ,  
in 0.1 ml of physiological saline in the back of miceg. (c) L-Asparaginase was given ip  in microparticles (@- 0)  or in free form (@ - - - 0)  in physi- 
ological saline in mice‘O. (d) L-Asparaginase was given iu  in microparticles (e-a) or in free form (@ - - - @) in physiological saline in miceg. 


muscle, were used without further purification. Acrylamide3, N,N‘- 
methylenebi~acrylamide~, N,N’,N’,N’-tetramethylethylenediamine2, 
tromethamine2, a-ketoglutaric acid2, nadide2 (NADH, reduced form), 
L-asparagine monohydrate4, Nessler’s reagent2, and other chemicals were 
of analytical grade. ~-Asparaginase~ from Escherichia coli was used 
without further purification. 


Preparation of Microparticles-Microparticles6 (TC% = 8-257) with 
immobilized L-asparaginase were prepared according to a reported 
method (5) by emulsion polymerization of acrylamide and bisacrylamide 
with L-asparaginase. In a typical example, the aqueous phase was corn- 
posed of 5.0 ml of acrylamide (6% wlv) and N,”-methylenebisacrylamide 
(2% w/v) in 0.005 A4 phosphate buffer, pH 7.4. 


The protein was dissolved in the acrylic monomer solution. After the 
addition of 100 p1 of ammonium peroxydisulfate (500 mg/ml in water) 
to the water phase, it was immediately homogenized with 200 ml of 
chloroform-toluene (1:4) containing a detergent8, polyoxyethylene- 
polyoxypropylene (0.5 g), to produce a w/o emulsion. The polymerization 
was initiated by adding 1.0 ml of N,N,IV’,N’-tetramethylethylenediamine 
to the emulsion. The microparticles were isolated by centrifugation, 
washed several times with buffer, and after the last washing suspended 
in physiological saline. The mean diameter of the microparticles was 
-0.25-0.30 pm. 


Eastman Kodak Co. 
Merck Co. 
Crasnitin was obtained as a gift from Bayer (Sverige) AB, Stockholm. 
U.S. pat. 4,061,966. 
The nomenclature suggested by Hjerth (1962) (14). 
Pluronics F-68, Ugine Kuhlman, Paris, France. 


Assay of Native and Immobilized L-Asparaginase-L-Asparaginase 
activity was determined by direct nesslerization of the ammonia produced 
by its reaction with L-asparagine (5,151. The absorbance was determined 
a t  500 nm. Enzyme and substrate blanks were included in all assays. A 
standard curve was prepared with ammonium sulfate. One unit of activity 
is defined as the amount of enzyme catalyzing the formation of 1.0 pmole 
of ammonialmin a t  37’. 


Determination of L-Asparagine-Assay of serum of L-asparagine 
was performed according to a reported fluorometric method (16). Blood 
was taken from the tail vein or the orbital plexus of 4 to 5 mice and cen- 
trifuged a t  4O for 15 min to obtain serum. The serum samples were pooled 
to obtain 60 pl of serum and carefully mixed with 150 pl of 5% trichloro- 
acetic acid. After centrifugation a t  4’ for 10 min, the supernate was ex- 
tracted three times with diethylether and the L-asparagine was ana- 
lyzed. 


Animals-Male micegJO were used throughout. At the start of the 
experiments they weighed 20 g. 


Immunization Procedures-Groups of 10 mice were injected with 
L-asparaginase (5 IU in microparticles or in soluble form) by different 
routes: intramuscular/subcutaneous, intraperitoneal, and intravenous. 
The  enzyme was administered in physiological saline (intramuscular/ 
subcutaneous, intraperitoneal, and intravenous) or in Freund’s com- 
plete/incomplete adjuvant (intramuscular/subcutaneous). The animals 
received booster injections after 4,8 ,18 ,22 ,28 ,  and 52 days. Blood sam- 
ples were taken before the first injection and after 2 , 4 , 5 , 8 ,  and 10 weeks. 


9 NMRI-mice, Anticimex, Stockholm, Sweden. 
10 CBH-mice, Bomholtsgtird, Denmark. 
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Table I-Arthus Reaction in Preimmunized Mice a f t e r  Asparaginase Injections 


Provoking Mean Diameter f SD Mean Ratio f SD 
Number Immunization Enzyme of Left and Right of Foot Pad 
of Mice Procedure Preparation" Foot Pad *, cm Probability' Thickness Probabilityc 


Soluble L-asparaginase 


Soluble L-asparaginase 
imlscd 


imlscd 
Microparticles im/scd 


Microparticles im/scd 


Soluble L-asparaginase ip 


Soluble L-asparaginase ip 


Microparticles ip 


Microparticles ip 


Soluble Enzyme 


Microparticles 


Soluble Enzyme 


Microparticles 


Soluble Enzyme 


Microparticles 


Soluble Enzyme 


Microparticles 


0.36 f 0.02 
0.25 f 0.01 
0.37 f 0.03 
0.33 f 0.01 
0.37 f 0.01 
0.26 f 0.01 
0.37 f 0.01 
0.34 f 0.01 
0.36 f 0.01 
0.26 f 0.01 
0.33 f 0.01 
0.31 f 0.01 
0.36 f 0.01 
0.23 f 0.01 
0.33 f 0.01 
0.30 f 0.01 


<0.01 


>0.05 


<0.01 


>0.05 


<0.01 


>0.05 


<0.01 


>0.05 


1.43 f 0.17 <0.05 
1.14 f 0.10 


1.41 f 0.08 <0.01 


1.39 f 0.10 <0.01 


1.58 f 0.14 <0.01 


1.11 f 0.06 


1.06 f 0.06 


1.12 f 0.03 


Mice were challenged by injection into the left hind foot pad of either 10 pl of L-asparaginase (80 IU/ml) or 10 pI of immobilized L-asparaginase in microparticles 
(80 IU/ml, dry weight 23.1 mg/ml) and into the right food pad of 10 p1 of physiological saline or 10 pl of microparticles not containing any enzyme (dry weight 23.1 mg/ml). * The thickness of the foot pads was measured 3 hr after provocation. The significance of the difference was calculated by variance analysis. These groups were previously 
injected with 50 1U L-asparaginase ip in microparticles or in soluble form. 


The blood was collected from the tail vein or from the orbital plexus, 
pooled, and centrifuged a t  4" to obtain serum. Each mouse received 35-45 
IU of L-asparaginase during the study. 


Antibody Determination-The antibody titer was assayed by double 
immunodiffusion in agar gel as described previously (17). The titer was 
determined by the highest dilution of serum which produced precipitation 
with the antigen ( 5  pg of L-asparaginase in 10 p1 of physiological saline 
was placed in the center well). 


Mice, pretreated with immobilized or native L-asparaginase by dif- 
ferent routes of administration, were tested for the Arthus reaction (18). 
The enzyme, 10 pl containing 0.8 IU in soluble form or in microparticles 
(dry weight 0.23 mg), was injected into the left foot pad of the hind leg. 
The right foot pad, which served as control, was injected with the same 
volume, 10 pl, of microparticles not containing any enzyme, or with 
physiological saline. 


Three hours later, and again a t  24 and 48 hr, the thickness of both foot 
pads was measured with a micrometer gauge and the ratio between the 
two calculated. 


Autoradiography-Whole body autoradiography was performed 
according to the method of Ullberg (19). 14C-Labeled microparticles (4.1 
mg; 400,000 dpm) were injected intramuscularly/subcutaneously in some 
mice with physiological saline in the back. After 2 months the animals 
were sacrificed with ether and frozen in hexane-solid carbon dioxide 
(-78"). The mice were embedded in a gel of carboxy-methylcellulose and 
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Figure 2-L-Asparagine concentration in serum after a single i p  in- 
jection of L-asparaginase (50 I U )  in microparticles (0-0) or in free 
solution (0 - - - 0). Each point represents samples drawn from 4-5 
mice'O. The animals were preimmunized with L-asparaginase in mi- 
croparticles injected imlsc in Freund's adjuvant. The normal L - ~ s -  
paragine concentration (A-A) was obtained from a control group 
given only physiological saline. 


cut into 20- or 60-1m sagittal sections with a microtome. The sections 
were cut a t  -15-20" and freeze-dried. The slices.were pressed against 
photographic films which were exposed for up to 6 months. 


RESULTS 


Antibody Production in Mice a f t e r  Treatment  with L-Aspara- 
ginase in Microparticles-L-Asparaginase was immobilized in mi- 
croparticles as described previously. The microparticles were injected 
in mice by different routes and the antibody titers obtained were followed 
up to -2.5 months by double immunodiffusion tests. The results are 
shown in Figs. la-Id and compared with the response obtained after 
treatment with the same amounts of free, soluble enzyme given under 
identical conditions. 


Immobilization of L-asparaginase in microparticles of polyacrylamide 
did not prevent the formation of specific antibodies in intensively treated 
animals. However, it is evident from Fig. l a  that  the immune response 
after intramuscular/subcutaneous injection in Freund's adjuvant is weak 
and significantly weaker than after injection of soluble enzyme. A weak 
precipitin line was detectable only in undiluted serum. Any antibody 
production after intramuscularlsubcutaneous injection of soluble enzyme 
in physiological saline is not detectable (Fig. Ib), presumably as a con- 
sequence of the short half-life of the enzyme. 


Figures l c  and Id demonstrate the adjuvant effect of the microparticles 
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Figure %-~-Asparagine concentration in serum after a single ip  in- 
jection of asparaginase (50 IU) in microparticles (0-0) or in soluble 
form (0 - - - 0). Each point represents serum samples drawn from 4-5 
mice lo. These animals were preimmunized with free L-asparaginase 
injected imlsc in Freund's adjuvant. The normal L-asparagine con- 
centration (A-A) was obtained from a control group given only 
physiological saline. 
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Figure I-~-Asparagine concentration in serum. Each point represents 
pooled samples from 4-5 mice'Ogiven imlsc 2 X 20 IU of L-asparaginase 
(with an  interval of 3 days) in microparticles (0-0) or in free solution 
(0 - --a). The animals were preimmunized with L-asparaginase in 
microparticles injected ip. The arrow shows the time for the second 
injection of 20 IU L-asparaginase in microparticles or in free form. The 
normal L-asparagine concentration (A- A) was obtained from a 
control group given only physiological saline. 


administered as intraperitoneal and intravenous injections. After in- 
traperitoneal injection of L-asparaginase in microparticles, a rapid and 
high production of specific antibodies was seen and in addition, high titers 
were obtained after intravenous injection. Intravenous injection of native 
L-asparaginase did not produce any antibodies which could be detected 
by immunodiffusion, while intraperitoneal injection was effective in 
producing high amounts of antibodies. The abdomen is drained by the 
lymphatic vessels, and i t  is obvious that the strong response is a conse- 
quence of the administration of the L-asparaginase close to  the lymph 
nodes. 


Studies with a Modified Arthus Test-Under standardized condi- 
tions the level of circulating specific antibodies can be estima'ted in dif- 
ferent Arthus tests, in which an antigen-antibody complex mediated 
hypersensitivity reaction is provoked in different tissues. 


Table I presents results from an Arthus reaction test in the foot pads 
of mice immunized in different standardized ways. The reaction is ex- 
pressed as the ratio of the thickness of the foot pad injected with the 
sample (L-asparaginase in soluble or immobilized form) to that of the foot 
pad injected with empty microparticles or with physiological saline. Mice 
treated with L-asparaginase intraperitoneally and intramuscularly/ 
subcutaneously were used for the Arthus reaction. Independent of the 
state of the antigen (immobilized or soluble) with which the mice were 
immunized, all mice gave an Arthus reaction 3 hr after injection when 
both native and immobilized L-asparaginase had been used. The swelling 
at  the sites of injection were retracted after 24 hr. L-Asparaginase in the 
microparticles gave the same or smaller response (thickness of the left 
foot pads) than the same dose of soluble enzyme. However, the reaction 
was partly unspecific, in the sense that the microparticles themselves 
produced an increase in the size of the foot pads, which was significantly 
larger than that produced by physiological saline. In fact, the response 
given by the enzyme in microparticles was statistically not significantly 
larger than that given by the particles themselves. Consequently, the 
response measured as the ratio of the thickness of the two foot pads was 
significantly lower with the enzyme administered in microparticles than 
with soluble enzyme. This means that the antigenicity of the enzyme is 
decreased by immobilization in microparticles. 


L-Asparaginase Effect i n  Preimmunized Mice-The capacity of 
differently immunized mice to neutralize and inhibit the effect of L- 
asparaginase administered in different ways has also been studied. Fig- 
ures 2-5 show the results obtained from mice in which the serum con- 
centration of L-asparagine was followed as a measure of the L-aspara. 
ginase activity and duration. Normally, intramuscular injection of 2 X 
2.5 IU of L-asparaginase in microparticles or 5-10 IU injected intrave- 
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Figure 5-~-Asparagine concentration in serum. Each point represents 
pooled serum from 4-5 mice1° given imlsc 2 X 20 IU of asparaginase 
(with an  interval of 3 days) immobilized in microparticles (0 - 0)  or 
in free form (0 - - - 0). The animals were preimmunized with free L- 
asparaginase given ip. The arrow shows the time for the second injection 
of 20 IU L-asparaginase in microparticles or in free form. The normal 
L-asparagine concentration (A -A) was obtained from a control group 
given only physiological saline. 


nously depresses the L-asparagine to almost 0 values for 5-7 days, but 
in the preimmunized animals, considerably higher doses have to be used 
for any effects on the L-asparagine. Even 50 IU of the enzyme produced 
only a small and transient effect. Figure 2 illustrates the effects obtained 
after intraperitoneal injection of 50 IU of L-asparaginase in microparticles 
or in native form into mice previously treated with free L-asparaginase 
by the intramuscular/subcutneous route. Only small effects on the serum 
level were obtained and no significant differences could be detected be- 
tween free and immobilized enzyme. Similar results were obtained when 
the same amount of enzyme in microparticles or in soluble form was in- 
jected intraperitoneally into mice pretreated with microparticles given 
by the intramuscular/subcutaneous route (Fig. 3). A 10-20% reduction 
of the serum concentration of L-asparagine was achieved the day after 
injection, but the level was soon normalized. 


The results shown in Fig. 4 illustrate the effect of enzyme in micro- 
particles and native enzyme given intramuscularly/subcutaneously in 
two doses (2 X 20 IU, with an interval of three days) into mice previously 
treated with immobilized L-asparaginase in microparticles by the in- 
traperitoneal route. Injection of free enzyme did not produce any de- 
pression of the serum level of L-asparagine, while some reduction of the 
serum concentration was achieved when the particles were given intra- 
muscularly/subcutaneously. 


Figure 5 shows the changes seen after intramuscular/subcutaneous 
injection of 2 X 20 IU of L-asparaginase in free or immobilized forms into 
mice previously treated with native L-asparaginase intraperitoneally. 
In this case, injection of immobilized enzyme produced lower levels the 
day after injection, but they were normalized again after 3 days. The same 
procedure was repeated after the second injection; low values (25-30 
nmoles) were found the day after injection, which were hormalized again 
after 2-3 days. Intramuscular injection of L-asparaginase in free solution 
did not affect the serum concentration of L-asparagine a t  all. 


Whole Body Autoradiography after Intramuscular Subcutaneous 
Injection of Microparticles in Mice-Figure 6 shows the distribution 
of CI4-labeled microparticles 2 months after intramuscular/subcutaneous 
injection. The particles were encapsulated a t  the injection site, and no 
radioactivity could be detected in the liver or spleen. 


DISCUSSION 


The microparticle is a macroporous bead in which the immobilized 
macromolecules are partly entrapped, partly fixed in the polymer bundles 
forming the network (20). Consequently, a fraction of the immobilized 
molecules, and their antigenic determinants, will be exposed on the 
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Figure 6-Whole body autoradiogram of a mouse 2 months after im/sc 
injection of C14-labeled microparticles (400,000 dpm in 4.1 mg). Bottom: 
Corresponding tissue section 20 pm. 


surface of the microparticles, and this fraction will be larger, the smaller 
the beads are. The polyacrylamide forming the microparticle is not im- 
munogenic itself. Therefore, i t  is to be expected that the immunological 
response provoked by the immobilized proteins will be determined by 
the immunogenic properties of the exposed macromolecules and, pro- 
viding the microparticle has no adjuvant effect, will be related to the size 
of the particles and will be smaller than that exerted by the native mac- 
romolecule administered under the same conditions. As shown, this hy- 
pothesis holds true when L-asparaginase is injected intramuscularly with 
Freunds adjuvant. As a result, soluble enzyme slowly diffuses out from 
the oil depot with a strong immunological response, which is amplified 
by the adjuvant. On the other hand, the microparticles stay at  the site 
of injection, as shown by the autoradiogram, and are not reached by the 
immunocompetent cells to any significant degree. Consequently, there 
is a low immunological response. When the microparticles are given in 
saline, the response is quantitatively the same, while the soluble L-as- 
paraginase is rapidly distributed and degraded with poor reaction as a 
result. The reaction in the two strains of mice used is the same in this 
respect. 


After intraperitoneal administration of L-asparaginase in micropart- 
icles, high antibody production could be seen both in the diffusion test 
and in the modified Arthus reaction, which was stronger than with soluble 
enzyme. This is a surprising result, as it is known that the particles are 
rapidly cleared from the abdomen and the circulation and taken up by 
cells belonging to the reticuloendothelial system in bone marrow, liver, 
and spleen (21), and thereby are prevented from a primary reaction with 
the immune system. However, it is apparent that the rapid uptake in the 
macrophages triggers a secondary response mediated uia some lympho- 
cyte activating factor (LAF as found in ref. 22). In this sense the micro- 
particles may function as an adjuvant, considerably improving the im- 
munological response. 


The distribution of the microparticles after intravenous injection is 
the same as after intraperitoneal injection, and the antibody production 
is consequently the same. However, the immune response after intrave- 
nous injection of free L-asparaginase is significantly impaired and no 
antibodies could be detected in the double immunodiffusion tests. The 
t1/2 of the enzyme is short and the direct effect on the lymph system is 
not obtained in the same way as after intraperitoneal administration. 


The modified Arthus test employed gives information not only about 
the antibody production in the mice, but also, in this modification, about 
the antigenicity of the L-asparaginase in soluble and in immobilized form. 
The antibody-mediated reaction on injection of different samples in the 
foot pads is estimated from the degree of the edema produced, when the 
sample is injected in one foot and the appropriate control in the other. 


I t  can be seen in Table 1 that the injections of microparticles with L- 
asparaginase produce a much smaller reaction than native enzyme, de- 
spite the fact that the unspecific reaction from the microparticles 
themselves is stronger than from physiological saline. Thus, it can be 
concluded that the antigenicity is decreased as a consequence of the 
immobilization in the microparticles. 


Earlier studies have shown that the optimal way of administration of 
immobilized L-asparaginase is the intramuscular/subcutaneous route, 
when the duration of the effect on the L-asparagine level in uiuo is con- 
sidered. The present results also indicate that the intramuscular injection 
is the preferred way of administration as far as the immunological re- 
sponse is concerned, giving the smallest antibody production. In addition, 
the effect of L-asparaginase given in microparticles as intramuscular/ 
subcutaneous injection in immunized animals is more pronounced than 
of intraperitoneal injection. Thus, 50 IU of L-asparaginase given intra- 
peritoneally gave a slight decrease in the L-asparagine level, while an in- 
tramuscularhbcutaneous 2 X 20 IU dose slightly decreased the level 
for 5-7 days. 
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this purpose. The base of the gauge was measured for the chord length 
( L ) .  The gauge was then set inside the vessel with the ends of the gauge 
base resting on the curved surface of the vessel. The distance (h)  between 
the base and the bottom of the vessel was taken from the gauge rule. The 
cylindrical diameter of the vessel was then taken 2 to 3 cm above opposite 
points where a tangent to the curved bottom of the vessel coincides with 
the vessel wall. Inside calipers were used for this purpose. 


Table VII shows the measurements taken from the vessels and the 
comparison of the theoretical diameters calculated from these mea- 
surements with the actual diameters. The glass vessels possess a flatter 
curvature than a sphere of the same diameter. The curvature of the plastic 
vessels closely approximates a sphere of the same diameter. When the 
results from plastic vessels differ from those obtained from glass vessels, 
the results from the plastic vessels are more correct, because the plastic 
vessels conform more closely to the USP specifications. 


CONCLUSIONS 


Differences in the bottom curvature of dissolution vessels can cause 
bias in the dissolution results obtained from prednisone tablets. Vessels 
with a curvature which is less (flatter) than that of a sphere cause a high 
bias. Vessels with a curvature that is greater (steeper) than that of a 
sphere cause a low bias. The plastic vessels are more uniform than glass 
vessels and possess a curvature that more closely approximates the cur- 
vature specified in the USP. As such, they are preferable to the glass 
vessels for use in the dissolution test when the drug is not adsorbed and 
the vessel is not attacked by the dissolution medium. 


The dissolution rate is controlled by the velocity of the liquid passing 
over the tablet. The liquid velocity a t  any point in a stirred vessel is 


controlled by the stirring rate and the geometry of the system. An ide- 
alized geometry is defined in the USP. Minor variations from this ide- 
alized geometry, such as those discussed in this paper and previously (7), 
change the liquid velocity in the vicinity of the tablet and, thus, the dis- 
solution results. If the reproducibility of the test is to be improved, 
equipment must be made available which allows the analyst to adhere 
to this idealized geometry as closely as possible. 
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ABSTRACT A high-pressure liquid chromatographic procedure was 
developed to determine the D and L isomers of moxalactam in human 
plasma and urine. After protein precipitation with hydrochloric acid the 
sample was extracted with ethyl acetate. It was then back extracted into 
tromethamine buffer (pH 8.0) and washed with octanol. Extraction re- 
covery from plasma ranged from 73-81%. An aliquot of the tromethamine 
buffer was then injected onto a Cls-KBondapak column. The mobile 
phase was 3% acetonitrile in 0.05 M ammonium acetate pH 6.5 buffer. 
Samples were quantitated by UV detection at 275 nm and 0.01 aufs. The 
lower limit of detection was 0.5 fig/ml for each isomer. Preliminary sta- 
bility studies were performed to assess proper sample handling and 
storage conditions. The procedure was evaluated in a clinical setting to 
demonstrate its applicability to the study of moxalactam pharmacoki- 
netics in critically ill patients. 


Keyphrases 0 Moxalactam-determination in human plasma and urine 
by high-pressure liquid chromatography, D and L isomers 0 High-pres- 
sure liquid chromatography-determination of moxalactam in human 
plasma and urine, D and L isomers 0 Anti-infective-moxalactam, 
high-pressure liquid chromatographic determination, D and L isomers 


Moxalactam is a new oxycephalosporin derivative 
undergoing clinical trials in the United States and Europe. 
I n  vitro experiments have demonstrated that moxalactam 
is active against a broad spectrum of microorganisms, in- 
cluding resistant Gram-negative bacteria such as Pseu- 


domonas aeruginosa and Bacteroides fragilis, some in- 
dole-positive Proteus species (l), P-lactamase-producing 
strains of Enterobacteriaceae (2), and clinical isolates 
shown to be cephalosporin resistant (3). Its expanded 
spectrum of activity compared to conventional P-lactam 
antibiotics is attributed to replacement of the thio group 
at the 1 position of the dihydrothiazine nucleus with an 
oxygen moiety (4). 


The pharmacokinetics of moxalactam elimination 
usually have been evaluated employing standard micro- 
biological techniques (5 ,6) .  However, a more specific an- 
alytical procedure was required for pharmacokinetic 
studies of this compound in critically ill patients. A high- 
pressure liquid chromatographic (HPLC) assay developed 
recently, although more specific than microbiological 
techniques, had limited applicability in the critical care 
setting1. A more specific HPLC analysis was required for 
studies in seriously ill patients. The present report de- 
scribes a suitable HPLC procedure for the quantitation of 
both moxalactam isomers in patient plasma and urine. 


D. d. Miner, D. L. Coleman, A. M. Shephend, and T. Hardyn, Antimicrob. 
Agents Chemother., in press. 
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Figure 1-Chromatograms obtained after extracting 0.5 ml of a blank 
patient plasma (A)  and a moxalactam plasma standard (B). The peak 
heights of each isomer correspond to  a plasma concentration of 10 
pglml. 


EXPERIMENTAL 


Reagents-All chemicals and reagents were analytical grade unless 
otherwise indicated. Moxalactam was supplied as a lyophylized powder 
containing a 1:l mixture of D and L isomers2. Allopurino13, ammonium 
acetate, potassium chloride, acetic acid, hydrochloric acid, sodium hy- 
droxide, octanol, tromethamine, glass-distilled a~etoni t r i le~,  methanol, 
and ethyl acetate5 were used as received. 


Preparat ion of Stock Solutions-Initial stock solutions of moxa- 
lactam were prepared in water and subsequent dilutions made with blank 
human plasma. Due to the poor aqueous solubility of the internal stan- 
dard (allopurinol), the drug was first dissolved in 0.1 N NaOH and then 
diluted with water to a final working concentration of 1.5 mglml. 


Ammonium acetate buffer (0.05 M )  was adjusted to pH 6.5 with acetic 
acid. Tromethamine-HC1 pH 8.0 and KCI-HCI pH 1.0 buffers (0.05 M )  


2 Eli Lilly Research Laboratories, Indianapolis, Ind. 
3 Sigma Chemical Co., St. Louis, Mo. 
4 J. T. Baker Chemical Co., Phillipshurg, N.J. 
5 Burdick & Jackson Laboratories, Muskegon, Mich. 
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Table I-Analytical Recovery of D and  L Moxalactam from 
Human Plasma 


Moxalactam, Mean 
Pg/ml Recovery, ?h =kSD" CV, o/o 


D isomer 5.0 
(n = 5) 40.0 


L isomer 5.0 


81.3 2.6 3.2 
75.2 2.7 3.5 
79.6 5.3 6.7 


(n = 5) 40.0 72.8 4.3 5.9 


(I S D  = standard deviation. CV = coefficient of variation, calculated as SDI 
mean. 


Table 11-Within-Day and  Between-Day Variation in the 
Determination of D and  L Moxalactam in Human Plasma 


Within-Day Between-Day 
Mean, Mean, 
pg/ml" SDb CV, ? A c  pg/mln SD CV, o/C 


D isomer 4.8 0.13 2.8 4.8 0.23 4.7 
41.5 1.5 3.6 39.6 0.60 1.5 


L isomer 4.7 0.18 3.9 4.8 0.37 3.6 
41.2 1.3 3.2 39.7 0.70 1.8 


n = 5.  * SD = standard deviation. CV = coefficient of variation, calculated 
as SDImean. 


were prepared as standard laboratory reagents (7). All buffers were stored 
a t  5' and allowed to reach ambient temperature prior to use. 


Extraction Procedure-Two hundred microliters of concentrated 
hydrochloric acid was added to 0.5 ml of plasma or dilute urine (typically 
1:100) containing 0.1 ml of the internal standard solution (allopurinol, 
1.5 mglml). The mixture was then vortexed, resulting in precipitation 
of almost all protein present in the sample. After centrifuging at 5000 rpm 
for 5 min6, a 0.6-ml portion of the clear supernate was transferred to a 
12 X 75-mm polypropylene tube containing 0.5 ml of KCI-HCI pH 1.0 
buffer. Three milliliters of HPLC grade ethyl acetate was then added, 
and the solution was vortexed for 60 sec. After centrifuging7 a t  3000 rpm 
for 5 min, a 2.9 ml aliquot of the upper ethyl acetate phase was transferred 
to a second tube containing 0.5 ml of tromethamine-HC1 pH 8.0 buffer. 
This mixture was vortexed for 30 sec, and then centrifuged. The upper 
organic phase was aspirated and discarded. A 0.4-ml aliquot of the lower 
aqueous phase was transferred to another tube and washed with 3 ml of 
octanol by rotations for 1 min. The upper organic phase was discarded 
after centrifugation, and a 50-pl portion of the lower aqueous phase was 
used for HPLC analysis. When necessary, the aqueous phase could he 
stored at 5O for as long as 24 hr prior to HPLC quantitation. 


HPLC Conditions-A high-pressure liquid chromatographg equipped 
with a variable wavelength UV detector'O and a 10-mv recorder" were 
used. Separation occurred on a CIS reverse phase column'2 with a 3% 
acetonitrile/0.05 M ammonium acetate mobile phase a t  a flow rate of 1.5 
ml/min. The column effluent was monit.ored a t  275 nm, and an attenu- 
ation of 0.01 aufs was used in all chromatographic procedures. 


Recovery Studies-Recovery experiments were performed by adding 
equivalent amounts of moxalactam to blank plasma and to a solution of 
mobile phase. Samples were extracted according to the described pro- 
cedure, except that  the internal standard was introduced just prior to 
injection according to the external standardization method. Recovery 
was calculated by comparing moxalactam peak-height ratios for the ex- 
tracted plasma samples with those obtained from direct injection of the 
mobile phase standard. 


Recovery studies were carried out a t  two concentrations, with five 
replicate determinations at  each concentration. Within- and between-day 
variation was evaluated a t  10 and 80 pg of moxalactam/ml. To assess 
within-day variation, five aliquots of a single plasma sample were ex- 
tracted a t  each concentration. Additional samples were assayed daily over 
13 days to assess between-day variation. 


Stability Studies-To determine the effects of temperature on the 
stability of D and L moxalactam, 1.0-ml aliquots of spiked plasma were 
incubated a t  -30,5,25, and 38". Samples were periodically assayed for 
each isomer for up to 40 days. Semilogarithmic plots of each isomer 


fi Fisher Micro-Centrifuge, Pittsburgh, Pa. 
Sorvall GLC-1 Centrifuge, Newton, Conn. 
Fisher Roto-Rack, Fisher Scientific Co., Pittsburgh, Pa. 
Perkin-Elmer Series I1 HPLC, Perkin-Elmer Co., Norwalk, Conn. 


lo Schoeffel Variable Wavelength Detector Model 770, Schoeffel Instruments, 


l1 Houston Omniscrihe Recorder, Houston Instruments, Austin, Tex. 
Westwood, N.J. 


pBondapak-C18, Waters Associates, Milford. Mass. 
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Figure 2-Plasma concentration uersus time profiles for moralactam 
(W), its D isomer (A), and L isomer (0)  after intrauenous infusion of 
moxalactam. 


concentration uersus time were constructed to determine the rate and 
order of moxalactam degradation. The data were evaluated by means of 
an Arrhenius plot, and the line of best fit was determined by linear re- 
gression analysis. 


Pharmacokinetic Study-After getting informed consent, a 10-day 
course of moxalactam therapy was started in a 60-year old female patient 
diagnosed as having an abdominal abscess secondary to invasive large 
bowel cancer. The pathogens involved included Escherichia coli and 
enterococcus, both of which were susceptible to moxalactam in uitro. This 
patient had normal hepatic and renal function, and therefore was given 
2 g of intravenous moxalactam every 8 hr. The pharmacokinetic study 
was conducted on day 6 of therapy to allow steady-state concentrations 
to be achieved. Plasma and urine samples were obtained throughout a 
dosing interval and stored a t  -30' prior to quantitation of D and L 
moxalactam. The serum concentration uersus time profiles for moxa- 
lactam and each isomer were evaluated by means of nonlinear regression 
analysis. 


RESULTS 


Chromatography-Representative chromatograms for a blank pa- 
tient sample (A)  and a spiked plasma standard (B) are presented in Fig. 
1. No other peaks were evident in the blank plasma chromatogram even 
though the patient was receiving numerous medications. Chromatogram 
B was obtained after extracting 0.5 ml of plasma containing a total 
moxalactam concentration of 20 pg/ml. A 5O-pl aliquot of the final buffer 
solution was injected onto the column. Allopurinol, the internal standard, 
had a retention time of 6.0 min, while the D and L isomers of moxalactam 
had retention times of 7.8 and 10.5 min, respectively. The lower limit of 
detection for each isomer was 0.5 pg/ml when a 50-p1 aliquot of the final 
buffer phase was injected onto the column. 


Calihration curves for each individual isomer were prepared daily by 
plotting peak-height ratio (isomer/internal standard) uersus concen- 
tration for series of prepared plasma or urine standards. These plots were 
linear over the 2.5-50-pg/ml concentration range. Samples that exceeded 
the range of standards were diluted prior to extraction. 


Recovery Experiments-The results of the recovery experiments 
are given in Table I. The overall recovery for both isomers ranged from 
73 to 81% over an approximate 10-fold increase in concentration. Al- 
though these values are less than quantitative, the recovery was adequate 
for routine analysis of patient samples. When increased sensitivity was 
required, the volume ultimately injected onto the column can be increased 
to as much as 150 pl without deviation from linearity. 


Both isomers demonstrate low between- and within-day variation a t  
each of the concentrations evaluated (Table 11). The coefficient of vari- 
ation ranged from 2.8 to 3.9010 for the within-day experiments, while the 
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Figure 3-Effects of temperature on the degradation of D and L mor- 


hetween-day studies yielded coefficients of variation ranging from 1.5 
to 4.7%. 


Pharmacokinetic Analysis-Figure 2 is the serum concentration 
uersus time profile for moxalactam and its individual isomers in the 
patient. The subject received 2.0 g of moxalactam by intravenous infusion 
over 1 hr. The moxalactam concentration is given as the sum of the D and 
L isomers. The zero plasma sample was obtained immediately before the 
start of the infusion. The peak concentrations of 95 pg/ml for both iso- 
mers were noted a t  the completion of the infusion period, and concen- 
trations decreased monoexponentially to a minimum of 7 pg/ml. There 
were no discernible differences in the concentration profile of each 
isomer. 


The data for moxalactam and its isomers were fitted to a one-com- 
partment model with zero order input, hy means of nonlinear least- 
squares regression analysis. Total body clearance of moxalactam calcu- 
lated as dose/AUC was 55.3 ml/min. Total moxalactam and the separate 
isomers showed similar elimination rates, with half-lives of 1.86,1.9, and 
1.85 hr, respectively. 


Stability Studies-Moxalactam is a relatively unstable compound 
subject to degradation in uitro. T o  assess proper sample handling and 
storage conditions, the effect of temperature on the degradation rate was 
evaluated. Figure 3 shows the effect of temperature on the stability of 
each moxalactam isomer. No differences were observed in the degradation 
rate for the individual isomers from the two figures. The degradation rate 
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Figure 4-Arrhenius plot of moxalactam degradation in human plas- 
ma. Key: A D isomer; b, L isomer. 
is consistent with an apparent first-order process, with the most rapid 
rate observed a t  the elevated temperature..Plasma samples were stable 
over the 40-day test period if frozen a t  -30”. 


An Arrhenius plot was constructed by plotting the apparent first-order 
rate constant for 10% degradation ( K )  as a function of the reciprocal of 
temperature. The data for each isomer are presented in Fig. 4. The re- 
lationship was linear over the temperature range of 5-38’, with the slope 
yielding an activation energy of 29.1 kcal/mole, a value consistent with 
hydrolysis reactions. 


DISCUSSION 


Serum moxalactam concentrations have been routinely determined 
in healthy volunteers using standard microbiological assays (5,6). The 
limitation of these assays in a clinical setting is well known, with the most 
frequently encountered problem being assay interferences from con- 
current medications. Additional interferences may arise due to metabolic 
and/or degradative products of many drugs, or from endogenous sub- 
stances possessing antibacterial activity. These procedures also cannot 
measure the individual isomers of moxalactam, whose quantitation may 
be clinically relevant, as was the case with warfarin (8) and propranolol 
(9). 


An HPLC procedure was reported recently for the determination of 
D and L moxalactam in serum and urine’. This procedure has several 
short-comings. The extraction procedure, although adequate for samples 
obtained from select healthy volunteers, was unable to remove interfering 
substances in samples from critically ill patients. In most instances, ex- 
traneous peaks and interferences made quantitation of moxalactam 
impossible. This method also lacks a suitable internal standard; thus, 
reproducibility and precision are difficult to achieve. Finally, the previous 
method requires a separate chromatographic procedure utilizing P I C 3  
reagents for the determination of moxalactam in urine. 


The present procedure has advantages over existing techniques in that 
it is more specific than previous methods as well as useful for quantitating 
both the D and the L isomers of moxalactam. I t  was tested rigorously 
during the course of a clinical trial in critically ill patients hospitalized 
for a variety of disease states including renal and hepatic failure. These 
patients were receiving numerous concurrent medications and no in- 
terferences were seen in any of these samples. Some compounds that were 
specifically tested and found not to interfere were: cephalothin, cefam- 
andole, cefazolin, cephapirin, cephalexin, caffeine, cimetidine, theo- 
phylline, tobramycin, clindamycin, furosemide, dicloxacillin, methicillin, 
amoxicillin, ampicillin, penicillin G, nafcillin, and trimethoprim. 


The effect of disease state on the preferential elimination of one of the 
isomeric forms of some compounds, such as warfarin and propranolol, 
is well known. Although the clinical significance of discriminating mox- 
alactam D and I. isomers is unknown, this procedure is capable of ad- 
dressing the question in the course of moxalactam clinical trials. 
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Abstract 0 Blood, parotid saliva, heart, liver, and kidney concentrations 
of digoxin and quinidine were determined in rats chronically treated with 
digoxin and in nontreated (control) rats after the administration of 
quinidine (20 mg/kg ip) and disopyramide (10 mg/kg ip). The results 
indicated that digoxin concentrations increased significantly and pro- 
portionally in parotid saliva and plasma after quinidine, but did not in- 
crease after disopyramide. With the exception of the liver, which showed 
an increase in digoxin concentrations, tissue concentrations of digoxin 
did not differ from control animals. In rats pretreated chronically with 
digoxin, quinidine concentrations in plasma, parotid saliva, or heart tissue 
did not differ significantly from control animals, but were significantly 
lower than controls in liver and kidney tissues. The results presented here 
lend additional support t o  the hypothesis that  the increase in digoxin 
plasma concentration following quinidine administration is primarily 
due to interference with renal excretion and displacement of digoxin by 
quinidine binding sites. Furthermore, it was demonstrated that disopy- 
ramide has little or no effect on plasma digoxin levels in rats. 


Keyphrases Digoxin-interaction with quinidine and disopyramide 
in parotid saliva, blood, and other tissues 0 Quinidine-interaction with 
digoxin and disopyramide in parotid saliva, blood, and other tissues 0 
Disopyramide-interaction with digoxin and quinidine in parotid saliva, 
blood, and other tissues 


Considerable attention has been focused on the mech- 
anism of the drug interaction between digoxin and quini- 
dine (1-7). Several mechanisms have been proposed, but 
because of the limited flexibility of the human model, they 
cannot be supported by hard experimental evidence. 
Relatively few animal studies have been employed to 
evaluate the digoxin-quinidine interaction. 


The present investigation evaluated the interaction 
between digoxin and quinidine and digoxin and disopy- 
ramide in rats. Blood, parotid saliva, and tissue concen- 
trations of digoxin were determined in rats pretreated 
chronically with digoxin and later administered single 
doses of quinidine or disopyramide. In addition, blood, 
parotid saliva, and tissue concentrations of quinidine were 
determined in rats chronically pretreated with digoxin and 
later administered a single dose of quinidine. 


EXPERIMENTAL 


Reagents and Materials-all reagents were analytical grade, and all 
aqueous solutions were made with glass-distilled water. Digoxin' and 
pentobarbital sodium2 were obtained in the injectable form. Quinidine3 
and disopyramide4 were obtained in powdered form and appropriate 
solutions were made. Cannulas for the collection of whole blood and 
parotid saliva were fabricated from polyethylene 50 and 10 tubing5. 
Samples collected were assayed for digoxin and quinidine content using 


Lanoxin, Burroughs Wellcome Co., Research Triangle Park, N.C. 
Nembutal, Abbott Laboratories, North Chicago, Ill. 
Sigma Chemical Co., St. Louis, Mo. 
Searle, Chicago, 111. 
Fisher Scientific, King of Prussia, Pa. 


enzyme immunoassay kits6 in accordance with the manufacturer's in- 
structions. 


Experiment I-Comparison of Digoxin Concentrations in Parotid 
Saliva, Plasma, Heart, Liver, and Kidney Tissues of Rats Administered 
Quinidine, Disopyramide, and Saline-Male Wistar rats, 150-170 g, 
were housed in individual cages and provided with a standard diet of 
laboratory chow" and distilled water containing digoxin (2.5 wg/ml) ad 
libitum. The volume of water consumed and weight gained were recorded 
daily for each animal. After 8 days of drinking digoxin-containing water, 
a total of 37 animals were divided into three experimental groups, A, B, 
and C (Scheme I). These groups were designated to receive saline, 
quinidine (20 mg/kg ip) and disopyramide (10 mg/kg ip), respectively. 


All animals were prepared surgically for collection of parotid saliva and 
whole blood using pentobarbital (50 mg/kg ip) anesthesia according to 
an earlier method (8). A tracheotomy was performed and with the aid of 
a dissecting microscope, the right brachial artery, right femoral artery, 
and both parotid ducts were surgically exposed for cannulation. The 
brachial and femoral arteries were cannulated with polyethylene 50 
tubing and the parotid ducts were cannulated with tapered polyethylene 
10 tubing. The femoral artery was used to obtain blood samples. The 
brachial artery was used for the constant infusion of the secretagogue, 
pilocarpine (0.25 mg/ml) a t  a rate of 0.21 ml/min. The parotid cannulas 
were directed into a disposable glass culture tube for the collection of 
saliva. 


Following surgery, Group A animals received an intraperitoneal 
challenge injection of saline, Group B, an intraperitoneal challenge in- 
jection of quinidine, and Group C received an intraperitoneal challenge 
injection of disopyramide. Thirty minutes after the intraperitoneal 
challenge, the collection of parotid saliva was started and continued over 
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Figure 1-Comparison of digoxin concentrations in  parotid saliva, 
plnama, heart, liver, and kidney tissues of digoxin chronically treated 
rats after saline (m, Group A) ,  yuinidine (0, Group R) ,  and disopy- 
ramide (D, Group C). 


6 EMIT (Enzyme-multiplied immunoassay technique), Syva Co., Palo Alto, 


7 Ralston Purina, St. Louis, Mo. 
Calif. 
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Scheme I-Diagram of experiment 1 


the next 30 min. Subsequently, 5 ml of whole blood was removed from 
the femoral artery and placed in a heparinized tube. The animal was then 
sacrificed and the heart, liver, and kidneys were removed; whole blood 
was centrifuged and the plasma was removed. All samples were frozen 
until the assay. The sequence of these events is presented in Scheme I. 


Heart, liver, and kidney samples were weighed and 0.75-1.00 g of tissue 
was homogenized in 5 ml of 0.9% sodium chloride and mixed with 10 ml 
of methylene chloride (9). After centrifugation, 5 ml of the organic layer 
was decanted and evaporated. The residue was dissolved in 5 or 10 ml of 
distilled water (10). All samples were assayed for digoxin content by 
enzyme immunoassay. 


Experiment 2-Comparison of Quinidine Concentration in Parotid 
Saliva, Plasma, Heart, Liver, and Kidney Tissues of Rats Pretreated 
with Digoxin and Saline-Male Wistar rats, 150-170 g, were housed in 
individual cages and given a standard diet of laboratory chow ad libitum. 
Control animals (Group A) were provided tap water a d  libitum, while 
experimental animals (Group B) were provided tap water containing 
digoxin (2.5 pg/ml) ad  libitum (Scheme 11). Water consumption and 
weight gain were recorded daily for both groups. After 8 days, both groups 
of rats underwent surgical preparation as described for Experiment 1. 


Quinidine (20 mg/kg ip) was administered to Group A and Group B 
animals. Parotid saliva was collected over 30 min after which each animal 
,was sacrificed and blood, liver, heart, and kidney samples were removed. 
Samples were handled in a manner similar to that described in Experi- 
ment 1. However, in this experiment, samples were assayed for quinidine 
concentration using enzyme immunoassay. 


RESULTS 


As described, the rats given digoxin-containing water (2.5 pg/ml) for 
8 days were divided into three groups based on the administration of a 
second drug on the 8th day (Table I): Group A (control animals), which 
received only digoxin, Group B (quinidine animals), and Group C (di- 
sopyramide animals). 


Daily digoxin consumption and body weight in these three groups were 
compared. Using the Student t test, no significant differences in the daily 
digoxin consumption or body weights could be found among any of the 
groups (p > 0.05). 


Comparison of Digoxin Concentrations in Parotid Saliva, Plasma, 
and Heart ,  Liver, and Kidney Tissues of Rats  Administered Quin- 
idine, Disopyramide, and  Saline-Digoxin concentrations in the par- 
otid saliva, plasma, liver, kidney, and heart tissues in rats consuming 
digoxin for 8 days were measured in each of three experimental groups 
with the following results (Fig. 1). 


The digoxin content of saliva and plasma col1,ected from Group A 


pentobarbital 
50 mglkg ip 


I 
animals 


(Groups A ,  B ,  and C) 


(control) animals was 1.4 f 0.3 and 2.3 f 0.5 ng/ml, respectively. Heart, 
liver, and kidney tissue displayed digoxin concentrations of 14.8 f 1.7, 
67.0 f 1.0, and 19.7 f 3.8 ng/g, respectively. 


Group B (quinidine treated) rats displayed a digoxin concentration 
in parotid saliva of 3.4 f 0.5 ng/ml and a plasma concentration of 6.0 f 
1.0 ng/ml. When the hearts, livers, and kidneys of these animals were 
homogenized and analyzed they were found to contain 20.0 f 4.0,96.4 
f 5.7, and 37.1 f 9.4 nglg of digoxin, respectively. 


Group C (disopyramide treated) rats displayed saliva and plasma di- 
goxin levels of 2.2 f 0.5 and 3.9 f 0.8 ng/ml, respectively. Analysis of their 
heart, liver, and kidney tissue revealed digoxin levels of 21.7 f 3.5,78.4 
f 7.1, and 26.0 f 6.2 ng/mg, respectively. 


When evaluated using the Student t test, the digoxin content of parotid 
saliva, plasma, and liver was significantly higher in Group B rats than 
in control animals p < 0.01, p < 0.005, and p < 0.005, respectively. No 
significant differences in digoxin concentration could be found between 
control rats and Group C animalsfor any tissue studied (p > 0.05). 


The mean ratios (fSE) between parotid saliva digoxin concentrations 
and those found in plasma were 0.60 f 0.10,0.69 f 0.11, and 0.68 f 1.20 
for the Group A, B, and C rats, respectively. For Groups A, B, and C, the 
mean ratios (fSE) between the digoxin concentrations found in liver and 
in plasma were calculated to be 33.8 f 8.7,29.0 f 8.60, and 35.2 f 10.40; 
for kidney and plasma, 8.0 f l.60,S.g f 2.10, and 8.7 f 1.70; and finally 
for heart and plasma, 9.3 f 2.80,5.3 f 1.60, and 7.3 f 1.80. 


Comparison of Quinidine Concentration in Parotid Saliva, 
Plasma, Heart ,  Liver, and  Kidney Tissues of Rats  Pretreated with 
Digoxin and Saline-Control animals displayed quinidine concentra- 
tions (Fig. 2) of 0.3 f 0.1 ng/ml (parotid saliva) 1.1 f 0.8 ng/ml (plasma), 
1.0 f 0.2 ng/g (heart), 0.6 f 0.2 ng/g (liver), and 1.3 f 0.4 nglg (kidney). 
Parotid saliva and plasma were analyzed in Group B rats and found to 
contain quinidine in concentrations of 0.4 f 0.04 and 0.9 f 0.1 ng/ml, 
respectively. Homogenates of heart, liver, and kidney tissues taken from 
these animals contained 0.6 f 0.2,0.3 f 0.05, and 0.5 f 0.1 ng of quini- 
dine/g, respectively. When these quinidine concentrations were compared 
with those obtained in control animals using the Student t test, the fol- 
lowing results were noted. No significant variation hetween the groups 
was found for quinidine concentrations detected in parotid saliva (p > 
0.05), plasma (p  > 0.05), or heart tissue (p  > 0.05). The quinidine con- 
centrations in the liver and kidney tissue of Group A animals were sig- 
nificantly higher than those of Group B animals (p  < 0.05). 


DISCUSSION 


Some controversy exists concerning the mechanism of the interaction 
reported to occur between quinidine and digoxin. The most frequently 
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Scheme 11-Diagram of experiment 2 
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Table I-Comparison of Weights and  Digoxin Consumption by 
Three  Groups of Rats  over 8 Days 


1.6- 
- 
E . 


Group" n 


1.6- 


m . ~ 


Digoxin" 
Weight b ,  Consumed in 
Mean, g 24 hr, ng 


A I0 255 f 4.4 103.0 f 6.8 
B 10 259 f 4.6 104.0 f 5.0 
C 10 253 f 7.9 122.2 f 8.0 


Group A animals received digoxin only; Group B received digoxin and quinidine; 
Mean (*SE) of weights of rats 


Mean (iSE) of digoxin consumed per 24 hr from drinking water 
and Croup C received digoxin and disopyramide. 
fed over 8 days. 
containing 2.5 pg of digoxidml over 8 days. 


proposed mechanisms include the displacement of digoxin by quinidine 
from tissue binding sites ( 2 , 5 )  and the interference by quinidine with 
renal digoxin excretion (11). 


During the 8 days of digoxin consumption, animals in all groups con- 
sumed approximately the same quantity of digoxin. In addition, the mean 
weights after pretreatment with digoxin did not differ from group to 
group. The results indicated that during these 8 days, all the animals 
reacted similarly, so there was little or no intra-individual variation a t  
the time of the experiment. 


Results of the present investigation support two possible mechanisms 
for this interaction: ( a )  quinidine interferes with the renal excretion of 
digoxin although renal clearance of digoxin has not been measured, and 
( h )  quinidine interferes with digoxin tissue binding sites. 


Following quinidine administration, digoxin concentrations increased 
significantly in plasma and parotid saliva compared with control animals. 
The increases were proportional because the saliva/plasma ratios for 
control animals and the experimental group did not significantly differ 
t'rom each other. In liver tissue, digoxin concentrations increased after 
quinidine administration; however, kidney and heart digoxin concen- 
trations did not significantly differ from those of control animals. The 
increase in plasma was greater than any of the tissue concentration 
changes. Subsequently, the liver and cardiac muscle tissue/plasma con- 
centration ratios actually decreased after quinidine administration, 
whereas the kidney/plasma ratio did not significantly change. These 
results were similar to other findings (12) where the corresponding di- 
goxin tissue/serum ratios decreased in dogs after quinidine. 


Assuming the increase in plasma digoxin concentrations involves an 
interference with renal digoxin excretion by quinidine, proportional in- 
creases in the plasma and parotid saliva digoxin concentrations and 
possihle increases in tissue concentrations would be expected. This hy- 
pothesis is supported by previous investigations (13-15) that demon- 
strated that increasing the plasma concentrations of various drugs causes 
proportional increases in the free nonprotein-bound plasma drug levels 
as well as those in the parotid saliva. However, if the increases in plasma 
digoxin concentration after quinidine administration were due solely to 
a decrease in plasma protein or tissue digoxin binding, one would antic- 
ipate that: ( a )  parotid saliva concentrations would increase to a greater 
proportion than plasma with a subsequent increase in the saliva/plasma 
ratio, and/or (6) tissue digoxin concentrations would decrease signifi-' 
cantly due to the displacement of digoxin by quinidine. 


As previously discussed, saliva/plasma ratios did not change from 
control values, but the liver and cardiac digoxin tissue concentrations 
showed a tendency to decrease when compared with the plasma con- 
centrations. I t  is for these reasons that the present results support more 
than one mechanism for this interaction which may involve tissue binding 
sites and renal clearance. 


Other investigators ( 1 ,  16) reported that various antiarrhythmic agents 
(including disopyramide) had little or no effect on digoxin blood levels. 
Results also indicate that there are no significant differences between 
digoxin concent,rations in plasma, parotid saliva, and heart, liver, and 
kidney tissues determined before and after disopyramide administra- 
tion. 


In the second experiment, quinidine concentrations in blood and 
parotid saliva showed no significant differences between control and 
digoxin-treated animals. In addition, quinidine concentrations tended 
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Figure 2-Comparison of quinidine concentrations in parotid saliva, 
plasma, heart, h e r ,  and kidney tissues in control rats (m, Group A) and 
in digonin chronically treated rats (0, Group B).  


to decrease in liver and kidney tissue. As previously discussed, if the in- 
teraction was mainly due to the ability of quinidine to displace digoxin 
from plasma proteins binding sites, the free plasma concentrations of 
quinidine or parotid saliva quinidine would be expected to decrease. 
However, if quinidine significantly occupied tissue binding sites previ- 
ously occupied by digoxin then the quinidine tissue concentrations would 
tend to increase over control. In neither instance did the earlier results 
correlate with an interference of plasma protein or tissue binding. 
However, if the interaction of quinidine-digoxin was controlled only by 
a renal mechanism, then quinidine concentrations in plasma and/or 
parotid saliva would probably not differ from those of controls as ob- 
served. However, while one would expect that  quinidine concentrations 
in kidney would increase under this mechanism, the results presented 
here actually show the opposite effect, suggesting the possibility that more 
than one mechanism is involved. Studies are in progress to investigate 
these findings further. 
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Abstract 0 A sensitive, specific, high-pressure liquid chromatographic 
method using an internal standard was developed for the determination 
of amitriptyline and its major metabolites in whole blood. Analysis was 
carried out on a microparticulate silica column with a mobile phase 
consisting of acetonitrile-methanol-aqueous ammonium hydroxide 
(93:7:0.4). Linear calibration curves ranging to 250 ng/ml were obtained 
for all compounds using UV absorbance detection a t  220 nm. The lower 
limit of detection was 2 ng/ml for amitriptyline and 10-hydroxyami- 
triptyline, and 6 and 16 ng/ml for nortriptyline and its 10-hydroxylated 
metabolite, respectively. Human whole blood samples collected after 
single intravenous and single oral doses can be analyzed using this pro- 
cedure. 


Keyphrases High-pressure liquid chromatography-determination 
of amitriptyline and its major metabolites in whole human blood 0 
Amitriptyline-high-pressure liquid chromatographic determination 
in whole human blood, major metabolites determined 0 Metabolites-of 
amitriptyline, determination by high-pressure liquid chromatography 


Amitriptyline, lO,ll-dihydro-N,N-dimethy1-5H-di- 
benzo[a,d]cycloheptene-A5,y-propylamine (I) is a com- 
monly used tricyclic antidepressant. It undergoes extensive 
metabolism in humans, the major pathways being N -  
demethylation and hydroxylation at  the 10-position. The 
major metabolites of I, 10-hydroxyamitriptyline (111, 
nortriptyline (IV), and the trans (V) and cis (VI) isomers 
of 10-hydroxynortriptyline are shown in Fig. 1. 


Various methods have been described for measuring I 
and its major metabolites in biological fluids, including 
radioimmunoassay (l) ,  UV spectrometry (2), GC with 
flame ionization (2, 3) or nitrogen detection (3, 4), GC- 
mass spectrometry (5), and high-pressure liquid chroma- 
tography (HPLC) using UV absorbance detection (6,7). 
Except for the procedure using mass spectrometry, no 
method has sufficient sensitivity to separate and quanti- 
tate I and its major metabolites in single-dose phar- 
macokinetic studies. 


This paper describes a specific HPLC method for the 
measurement of I, 11, IV, V, and VI in human whole blood. 
Detection is by UV absorbance and no derivitization is 
required prior to analysis. The sensitivity is sufficient to 
measure accurately the low drug and metabolite concen- 
trations observed during single-dose pharmacokinetic 
studies in humans. 


EXPERIMENTAL 


Reagents and Materials-Propranolol hydrochloride1 (internal 
standard) was obtained commercially and was used as the salt. Ami- 
triptyline hydrochloride2, [I4C]amitriptyline hydrochloride (specific 
activity 7.1 x mCi/mg), nortriptyline hydrochloride3, 10-hydroxy- 


Sigma Chemical Co., St. Louis, Mo.. 
Merck. Sharp & Dohme Research Laboratories, Rahway, N.J. 
Eli Lilly and Co., Indianapolis, Ind. 


amitriptyline2, and cis - and trans-10-hydroxynortriptyline2 were used 
as provided. Acetonitrile and methanol were purchased as glass-distilled 
solvents4. The water used in extraction was glass-distilled. Aqueous 
ammonium hydroxide ( E I ~ % ) ~  was analytical reagent grade. 


Standard Solutions-Methanolic solutions of amitriptyline hydro- 
chloride, nortriptyline hydrochloride, and the hydroxylated metabolites 
were prepared a t  a concentration of 5 ng/pl. The concentration of the 
internal standard was 10 ng/pl, also in methanol. New solutions of ami- 
triptyline hydrochloride and nortriptyline hydrochloride were made every 
3 weeks; the remainder were freshly prepared every 6-8 weeks. All were 
stored a t  4", with no detectable decomposition during the storage pe- 
riod. 


Sample Preparation-A 10-pl aliquot containing 100 ng of the in- 
ternal standard was dispensed with a syringe6 into a 15-ml culture tube 
fitted with a polytef-lined screw cap. One milliliter of hemolyzed whole 
blood, 1.0 ml of water, 100 p1 of 5.0 M NaOH, and 6.0 ml of hexane-n- 
butanol(982) were added. The mixture was shaken7 for 10 min followed 
by centrifugation at 2800 rpm for 5 rnin. The tube was then immersed 
in an acetone-dry ice bath until the aqueous phase was frozen. The or- 
ganic phase was poured into a second tube with an elongated cone (ca- 
pacity -50 pl) a t  i ts  base, and the still-frozen aqueous phase was quickly 
washed with another 1.0 ml of hexane-n-butanol which was then added 
to the extract. This combined extract was evaporated to dryness at 40" 
under vacuum on a vortex evaporator8. One-hundred microliters of the 
mobile phase used in the chromatography was added to the resulting 
residue. The tube was capped, vortexed for 30 sec, and centrifuged for 
5 min. All of the mixture was drawn into a 100-p1 syringe6 and injected 
into the chromatograph. 


Apparatus-The modular high-pressure liquid chromatograph con- 
sisted of a constant-flow pumpg, a valve-type injectorlo, a variable 


R' 


R R' - - 
H 
OH 
H 1v H 


V,VI H OH 
Figure 1-Amitriptyline (I) ,  10-hydroxyamitriptyline (ll), nort- 
riptyline (IV) and cis- and trans-10-hydroxynortriptyline (V, VI ,  re- 
spectiuely). 


I CH3 
11 CH3 


Burdick and Jackson Laboratories, Muskegon, Mich. 
Mallinckrodt Chemical Works, St. Louis, Ma. 
Hamilton Co., Reno, Nev. 
Lahquake reciprocating shaker, Lahindustries, Berkeley, Calif. 
Buchler Instruments (Div. of Searle Analytic Inc.), Fort Lee, N.J. 
Chromatography pump, model 6000A, Waters Associates, Milford, Mass. 


lo Sample injection valve, model U6K, Waters Associates, Milford, Mass. 
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Figure 2-Chromatograms of extracts from blank human whole blood 
(right) and blank blood spiked with 100 ng of I, II, I l l  (internal stan- 
dard), IV, V, and VI per milliter (left). 


wavelength absorbance detector" (set a t  220 nm), and a strip-chart re- 
corder12 (0.5 cm/min). A stainless-steel column (250 mm X 2.0-mm id.)  
packed with 5-pm silica13 was obtained commercially and fitted with a 
~ater- jacket '~ .  


Chromatographic Conditions-The mobile phase was acetoni- 
trile-methanol-aqueous ammonium hydroxide (93:7:0.4). The flow rate 
was 1.5 ml/min with a column inlet pressure of 3100 psi. Column tem- 
perature was maintained a t  22' by using a water-jacket connected to a 
constant temperature water bath. Overnight the flow rate was reduced 
to 0.1 ml/min. 


Calibration-The assay was calibrated by analyzing 1.0-ml aliquots 
of blank hemolyzed whole blood to which 5-250 ng of I and II,10-250 ng 
of IV, V, and VI, and 100 ng of the internal standard had been added. In 
each sample, the peak height ratio of each tricyclic component relative 
to the internal standard was calculated. These ratios were plotted against 
concentration to determine the linearity of the extraction and detector 
response for each species. In addition, each ratio was divided by the 
amount of the corresponding component in that sample to give a nor- 
malized peak height ratio. These normalized ratios were averaged, and 
the mean value for each tricyclic component was used to determine the 
amount present in unknown samples. The precision of the assay was es- 
timated by calculating the coefficient of variation (CV) for each set of 
normalized peak height ratios. 


To determine whether the method was valid for plasma samples as well 
as for whole blood, a calibration curve was prepared using duplicate 
1.0-ml plasma aliquots spiked to 25,100, and 250 ng/ml with each species. 
The linearity and precision of this assay were calculated as described. 


Reproducibility-Aliquots ( I  ml) of hemolyzed normal human whole 
blood were spiked with 25,100, or 200 ng of each species and assayed in 
quintuplicate using the described method. Absolute peak heights were 
measured and the CV was calculated for each concentration. 


T o  ascertain whether the assay would be useful if it were carried out 
from various blood volumes, the same procedure was used to determine 
the reproducibility of extraction from 0.5,1.5, and 2.0 ml of whole blood 
spiked with 100 ng/ml of I and its metabolites. Each volume was assayed 
in quadruplicate. The rationale for this experiment was that clinically 
and in pharmacokinetic studies, concentrations of I and its metabolites 
in a particular blood sample may be lower or higher than those of the 
standards. To keep the concentrations within the range of the standards, 
it is necessary to use variable bl6od volumes. 


Efficiency-The efficiency of extraction of I from hemolyzed whole 
blood into the organic phase was determined by spiking 1.0-ml aliquots 
of blood with 14C-I, and determining the amounts of 14C-I in the evapo- 
rated hexane-n-butanol extract by liquid scintillation counting. The 
extraction procedure was identical to that in the other parts of the study. 
Concentrations of 20,50,100, and 200 ng of 14C-I/ml were extracted in 
duplicate. Results obtained as counts per minute were converted to dis- 
integrations per minute using the external standard method. These values 


Model 450, Waters Associates, Milford, Mass. 


Varian Instruments, Walnut Creek, Calif. 


l2 Model 9176, Varian Instruments, Palo Alto, Calif. 
13 MicroPak Si-5, Varian Instruments, Walnut Creek, Calif. 


were compared with those obtained by adding the same amounts of la- 
beled I directly to scintillation fluid, and the resulting ratios were ex- 
pressed as the percent extraction. 


Recovery-Aliquots (I ml) of hemolyzed whole blood were spiked with 
known tricyclic quantities (50 and 200 ng/ml, five replicates for each 
concentration). After the samples were extracted and chromatographed 
as described, the peak heights for I and its metabolites were compared 
with the peak heights obtained when the same amount of each component 
in a standard solution was injected directly onto the column. 


RESULTS 


Chromatography-The retention times for I, its metabolites, and 
the internal standard are shown in Fig. 2. Occasional day-to-day ad- 
justment of the methanol concentration (f0.1%) was necessary to obtain 
optimal separation between I1 and 111. Column temperature was also a 
critical factor in maintaining this separation. Since room temperature 
fluctuated daily between 22 and 32O, the use of a column water-jacket 
maintained a t  22O greatly improved baseline stability and peak resolution. 
In some samples from human subjects, a broad contaminant peak ap- 
peared between I11 and IV; careful manipulation of the methanol con- 
centration was required to prevent it from eluting with one of the peaks 
of interest. 


Calibration-A typical calibration curve relating peak height ratio 
to concentration was linear for all species over the concentration range 
studied. The CV for the estimation of I averaged 5.2%; corresponding 
values for the metabolites ranged from 3.6 to 10.2%. A standard curve was 
assayed with each set of unknowns. The limits of detection of an extracted 
standard, defined as five times the baseline noise, were 2 ng/ml for I and 
II ,6  ng/ml for IV, and 16 ng/ml for V and VI. 


For the standards prepared in plasma, plots of concentration uersus 
peak height ratio were linear with CV values of 1.8% for I, and 2.2-10.8% 
for the metabolites. 


Reproducibility-Data showing the reproducibility of the assay are 
summarized in Table I. All species extracted consistently a t  three dif- 
ferent concentrations from 1.0 ml of hemolyzed whole blood. The aver- 
aged normalized peak height values showed no trend with increasing 
concentration. 


For any given sample size, extraction of all components was highly 
reproducible. There was a trend towards a lower percentage of extraction 
for all species with increasing sample size. This was probably due to a 
change in the volume ratio of aqueous to organic phase. 


Efficiency and  Recovery-Extraction efficiency was compared with 
overall recovery as described. For 20-200 ng/ml concentrations of 14C-I, 
the amount of labeled drug partitioning into the organic phase varied 
from 96 to 100%. The total amount of I recovered from the assay proce- 
dure was 61% of an original 50 ng/ml concentration, and 53.5% for 200 
ng/ml. Recovery of the metabolites was also consistent (46-6996). 


DISCUSSION 
Previously reported high-pressure liquid chromato4raphic assays for 


I have been unable to separate all of the metabolites of interest using a 
single procedure. As such, they were inadequate for studying the dispo- 
sition of I in humans, since the metabolites are pharmacologically active, 
and are often present a t  concentrations comparable to those of the un- 
changed drug. T o  analyze blood samples from subjects participating in 
a single-dose pharmacokinetic study, it was necessary to develop a simple 
and rapid procedure which could resolve the parent drug from its dem- 
ethylated and 10-hydroxylated metabolites. Since unchanged I was the 
major component of interest in the separation, a normal-phase chroma- 
tographic procedure was developed which would elute I first (as the most 
nonpolar species), giving maximum sensitivity for quantitation. I t  was 
possible, to separate I, 11, IV, V, and VI in a total run time of 15 min by 
careful adjustment of the methanol concentration. 


Propranolol was chosen as the internal standard, since it did not in- 
terfere chromatographically with any of these compounds. However, 
zymelidine, which eluted a t  14 min under the described conditions, could 
have been used for samples in which VI was not present. Aqueous am- 
monium hydroxide was used a t  a low concentration in the mobile phase 
to decrease chemisorption on the silica column, which leads to peak 
tailing. 


Although this paper describes chromatography on 5-pm packing ma- 
terial, acceptable peak resolution can be obtained using 10-pm silica with 
slight modifications of the chromatographic conditions. In this laboratory, 
a 250 X 2.0-mm i.d. column packed with 10-pm silica15 was used for 


15 MicroPak Si-10, Varian Instruments, Walnut Creek, Calif. 
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Table I-Reproducibility of Recovery of Amitriptyline and Metabolites from Spiked Hemolyzed Whole Blood 


Normalized Peak Heights X lo2" 
Compounds Added to Whole Blood 25 ngb 100 ng 200 ngb 0.5 ml' 1.5 ml' 2.0 mlc 


I 1.69 f 0.05 1.83 f 0.06 1.73 f 0.04 1.78 f 0.06 1.57 f 0.06 1.37 f 0.08 
I1 1.53 f 0.06 1.57 f 0.06 1.53 f 0.03 1.56 f 0.05 1.47 f 0.03 1.38 f 0.06 


IV 0.56 f 0.06 0.61 f 0.02 0.64 f 0.01 0.65 f 0.01 0.55 f 0.03 0.48 f 0.02 
V 0.18 f 0.02 0.15 f 0.01 0.16 f 0.004 0.18 f 0.005 0.14 f 0.004 0.13 f 0.007 


VI 0.21 f 0.02 0.20 f 0.01 0.23 f 0.03 0.23 f 0.005 0.19 f 0.01 0.18 f 0.01 


Mean f SD, n = 5 for columns 1-3, n = 4 for columns 4 4 .  * Amount of I and metabolites added to 1.0 ml of blank, hemolyzed whole blood. Volumes of blank, hemolyzed 
whole blood to which 100 ng of each component was added. 


several months for quantitation of I and all of its metabolites. The use 
of a water-jacket to maintain column eqilibrium should not be necessary 
if laboratory ambient temperature fluctuates 3" or less daily. 


Plasma samples can be analyzed satisfactorily using the same proce- 
dure as that followed for blood samples. As evidenced by the reproduc- 
ibility of the normalized peak height values of I and the fact that  there 
was no trend in these values with concentration, adsorption to glassware, 
if it occurred, did not present a problem with the calibration of the assay. 
This is in contrast to other extraction procedures where adsorption to 
glassware has resulted in erratic recoveries (7). Butanol was added to the 
extracting solvent to prevent emulsification and to improve extraction 
of the more polar metabolites and the internal standard. It is likely that 
this short-chain alcohol acts like isoamyl alcohol in decreasing adsorption 
of basic drugs to glass. When standard solutions were assayed, all 
methanol was evaporated off before the addition of whole blood, as it 
otherwise affected the cleanliness of the extract. Maximum recovery de- 
pended on careful attention to every step of the extraction, particularly 
the pooling of the organic phase, evaporation, and final vortexing. 


Although the addition of bases to mobile phases used with silica col- 
umns is known to decrease column life (8), the low concentration of 
aqueous ammonium hydroxide used in this procedure caused little de- 
terioration of the packing material. A greater problem arose from column 
contamination by sample extracts, resulting in broadening or even 
splitting of the peaks. This condition was rectified periodically by re- 
moving the top few millimeters of packing inaterial and replacing it with 
glass microbeads. The use of a guard column packed with pellicular silica 
should circumvent this problem. 


The present method offers several advantages over some previously 
published procedures. The extraction is simple and rapid, the chroma- 
tography is short (15 min), yet allows good separation of I and its known 
active metabolites. The sensitivity is good, which should allow phar- 
macokinetic studies to be carried out; the procedure can be applied to 
either whole blood or plasma. For high-clearance compounds such as I, 


whole blood measurements may be preferable, obviating the need for 
determining the red cell to plasma partition coefficient, which may be 
concentration-dependent. 
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Abstract  A capillary gas-chromatographic method is described for 
the quantitative analysis of nine equine estrogens in a vaginal cream 
formulation. The sodium sulfate ethers of the estrogens were selectively 
extracted from the formulation, subjected to enzyme hydrolysis, and 
derivatized to their oxime-trimethylsilyl esters. Resolution of the re- 
sulting derivatives was achieved on a short (15 m) capillary column, 
wall-coated with cyanopropylmethyl silicon stationary phase. 


Keyphrases Estrogens-conjugated, analysis of a vaginal cream 
formulation by capillary gas chromatography GC-capillary, analysis 
of conjugated estrogens in a vaginal cream formulation Vaginal cream 
formulation-conjugated estrogens, analysis by capillary gas chroma- 
tography 


The pharmaceutical product known as conjugated es- 
trogens, is a mixture of nine or more equine estrogens 
isolated from the urine of pregnant mares (1). As their 


sodium sulfate salts, they have been used in tablet, injec- 
table, and cream formulations for relieving symptoms as- 
sociated with menopause. Application of the vaginal cream 
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Abstract  The intestinal absorption of a-esters of carbenicillin diso- 
dium, carbenicillin phenyl sodium, and carbenicillin indanyl sodium was 
investigated using the in situ rat intestinal recirculating method. In the 
in situ intestinal lumen a t  pH 7, two prodrugs were rapidly converted 
to poorly absorbable carbenicillin, possibly by the action of intestinal 
nonspecific esterase in competition with the slow absorption of prodrugs. 
At pH 5, the reduced action of esterase and the increased absorption rate 
after 3 hr resulted in 50 and 60% absorption of carbenicillin phenyl so- 
dium and carbenicillin indanyl sodium, respectively. The absorption rate 
constants determined for both prodrugs were in good agreement with the 
prediction from the quantitative structure-absorption rate relationship 
derived from the two-compartment aqueous diffusion model. 


Keyphrases 0 Carbenicillin-prodrugs, kinetics of intestinal absorption, 
cu-esters 0 Prodrugs-carbenicillin, kinetics of intestinal absorption, 
westers Absorption, intestinal-carbenicillin prodrugs, kinetics 


Carbenicillin (11) is very acid unstable and has low lipid 
solubility; thus, it is poorly absorbed by the GI tract after 
oral administration and its use is limited to parenteral 
administration. A series of a-carboxyl esters (I) of car- 
benicillin was synthesized in an attempt to overcome these 
disadvantages in the physicochemical properties of I1 and 
to increase oral bioavailability. These esters are designed 
to hydrolyze in the body to liberate I1 (1). The in uitro 
degradation kinetics of therapeutically useful derivatives 
of I, phenyl ester (carfecillin, Ia) and indanyl ester (car- 
indacillin, Ib), in a wide pH range at 35" and ionic strength 
of 0.5 were reported previously (2). Bundgaard (3) 
showed the acid degradation kinetics of the same com- 
pounds at  60". These kinetic data predicted that the 
P-lactam moiety of both prodrugs is six times more stable 
than that of I1 at pH 2.0 and the half-lives of the ester hy- 
drolysis in oitro are 8.5 hr for Ia and 17 hr for Ib at pH 7.0 
and 37" (2). 


The present study was undertaken to evaluate the rel- 
ative importance of parallel rate processes, absorption, and 
both chemical and enzymatic degradations (possibly 
proceeding at the absorption sites after oral administration 
of these esters) by utilizing the in situ rat intestinal re- 
circulating method. The physicochemical properties of 
carbenicillin prodrugs were also evaluated in order to im- 
prove the GI absorption rate of the parent antibiotic by 
application of the structure-absorption rate relationship 
established previously for 0-lactam antibiotics (4). 


EXPERIMENTAL 


Materials and Reagents-The materials, reagents, and equipment 
used in this study were, unless otherwise stated, the same as those used 


Table I-Percentage Residue of Carfecillin ( Ia)  and 
Carbenicillin (11) in t he  In Situ R a t  Small Intestinal Loopa 


Residual Residual Disappearance of 
Ia , 11, Total Antibiotics, 


Rat No. % % 9% 


1 38.6 
2 0.0 
3 28.8 
Mean 22.5 
SD 20.1 


38.2 
80.4 
47.6 
55.4 
22.2 


22.2 
19.6 
23.6 
21.8 
2.0 


(I All experiments were over 1 hr. Ia was dissolved in isotonic phosphate buffer 
(pH 7) and injected in a volume of 1 m l ( 1  mg/ml) into a 5-cm intestinal loop (du- 
odenum). 


previously (2, 4). All isotonic buffer solutions were prepared with the 
highest reagent grade chemicals available. 


Intestinal Absorption Experiments-Male albino rats (Wistar 
strain) weighing -200 g, were fasted over a 20-hr period prior to the ex- 
periments, but water was given freely. The rats were anesthetized with 
urethan, 1.3 g/kg ip. 


The intestinal recirculating absorption procedure was reported pre- 
viously (4). The in situ loop absorption method was essentially the same 
as that of Perrier and Gibaldi (5) except for the use of the duodenum and 
for the ligation of the bile duct. 


Each antibiotic solution was prepared with an isotonic buffer of pH 
5 or 7 to make a final concentration of 1 4  mg/ml. Aliquots (0.1 ml) of the 
samples were withdrawn a t  appropriate intervals, diluted with distilled 
water, filtered through a 0.45-pm filter' to remove any solid materials, 
and analyzed. 


Analytical Procedure-Samples were analyzed by UV spectrometry 
developed previously to quantify I and I1 simultaneously in a solution 
(2). 


RESULTS AND DISCUSSION 


Disappearance of Prodrugs from In  Situ R a t  Intestinal Loop-It 
was suggested that Ia and Ib are both well absorbed by the GI tract and 
can be converted rapidly to I1 during absorption through the mucous 
membrane and/or in the blood by a nonspecific esterase (1). 


The percentage of the residual Ia and I1 produced after 1 hr in the in 
situ rat intestinal loop a t  pH 7 is shown in Table I. From previous kinetic 
data (21, the rate constant for the ester hydrolysis of Ia was evaluated a t  
1.5 X min-' for the isotonic and 0.066 M phosphate buffer solution 
(pH 7.0) used in this study. The 55.4 f 22.2% of in situ formation of I1 
a t  the end of 1 hr was about six times greater than that predicted from 
the chemical hydrolysis rate of the phenyl ester. Because the percentage 
disappearance of the total antibiotics (Ia + 11) was 21.8 f 2.0%, the result 
suggests that the prodrug Ia may be absorbed as well as converted to I1 
by the chemical hydrolysis and enzymatic action of nonspecific esterase 
in the intestinal fluid and/or mucosal surface of the intestine. 


Kinetics of Absorption and Metabolism of Prodrugs by the In Situ 
R a t  Intestine-To clarify the GI absorption of I from its kinetics, the 
intestinal absorption experiments were performed using the recirculating 
perfusion technique. The pH of the perfusion solution was maintained 


Sartorius-Membranfilter, GmhH, 34 Cbttingen, West Germany. 
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Figure 1-Time course of absorption and metabolism of carfecillin (la) ( A  and B) and carindacillin (Ib) (C and D )  during in situ recirculation 
through the  rat small intestine at p H  7.0 ( A  and C) and p H  5.0 (B and 0). Perfusion uolume, 15 ml; initial concentration, 4 mg/ml ( A  and B) ,  2 
mglml (C), and I mglml  (D); flow rate, 2 mllmin.  Key: 0,  total antibiotics; 0, prodrug (I); and 0,  carbenicillin ( I ) .  T h e  symbol (x) shows the  ex-  
p&mental points f i r  I I  under the  same conditions 
at a constant of pH 5.0 or 7.0 by use of a pH-stat during the absorption 
experiments. 


Results of the lumen content analysis are shown in Fig. 1, indicating 
that disappearance of I a t  pH 7.0 proceeds to a similar extent for Ia and 
Ib ,  accompanying an increase of I1 up to -50-60% after 3 hr in 15-ml of 
lumen perfusion solution (Figs. 1A and 1C). Interestingly the rates for 
total loss of I and the formation of I1 depend markedly on the volume of 
the perfusion solution. The loss of total antibiotic from 15-ml lumen so- 
lution was about 20% for Ib after 3 hr. The disappearance of I 1  was only 
-6% after 3 hr under the same condition (Fig. 1A and 1C). The decrease 
in the total antibiotic may be attributed mostly to the absorption of intact 
I. However, in the experiments with 40-50 ml of lumen solution, about 
35-40% of I loss corresponded to the formation of 11; the absorption of 
the antibiotics was negligible. 


At pH 5,  on the other hand, absorption was 50% for la  and 60% for Ib 
but only 20% for the parent antibiotic I 1  after 3 hr for the 15-ml solution 
(Figs. 1B and 1D). Under this condition, a relatively small amount 
(10-2070) of I 1  was produced, probably due to the reduced action of 
nonspecific esterase. 


From these results, the kinetic model for the absorption and metabo- 
lism of I may be derived as reported previously (6). I is absorbed by the 
intestine in an intact form but is partially degraded by two possible 
processes as shown in Scheme I. One process is a nonenzymatic degra- 
dation of 0-lactam moiety to produce the penicilloic acid (111) of I and 
the other is both a nonenzymatic and enzymatic hydrolysis of ester 
linkage to form the poorly absorbable 11. Compound I 1  is also degraded 
to its penicilloic acid (IV) similarly to form I11 from I along with the slow 
absorption by the intestine. 


If it is assumed (not being influenced by the volume change of the 


perfusion solution) that the absorption kinetics obey Fick's law, that 
enzymatic ester hydrolysis is described by Michaelis-Menten kinetics, 
and that all 0-lactam cleavages obey apparent first-order kinetics, then 
the rate of each species can be written: 


where [ I ]  and [11] represent the concentration of I and 11, respectively, 
at time t ,  K ,  is the Michaelis constant, A, represents the amount of 
enzyme, k ,  is the degradation rate constant for the formation of I1 from 
the drug-enzyme complex, ( k d ) l  is the first-order rate constant for the 
nonenzymatic ester hydrolysis to produce 11, (kd)2 and (kd)3 are the 
first-order rate constants for the nonenzymatic P-lactam cleavage reac- 
tions of I and 11, respectively, ka  and kb are the absorption clearance 
(ml/time) of I and 11, and V is the volume of perfusion solution. From Eqs. 
1 and 2, Eqs. 3 and 4 can easily be derived (6): 


(Eq. 3 )  k a p p  = kalV + ( k d ) 2  


[ I l t ,  - [ I l t ,  + [I%, - [ I I l t ,  - [kblV+ (kdh]  I,fz [IIldt 
k a p p  = 1," IIIdt 


(Eq. 4) 


where subscripts t l  and t 2  represent the sampling times. The values of 
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Table 11-Absorption Clearance Determined at pH 5 and 7 in the In Situ Absorption Experiments through the  R a t  Small  Intestine and 
the Related Physicochemical Parameters  for  Carbenicillin Prodrugs ( I )  and  Carbenicillin (11) 


Ia Ib I1 
PH PH 


5 7 5 7 5 7 
PH 


Molecular weight" 454.5 494.6 378.4 
pKa 2.91 2.94 3.06" 
Log P, (octanol-water) 2.96 3.77 1.95* 
P a  


1O2ktheorg, ml/min 4.83 1.20 13.32 1.44 1.52 1.15 
102koh,h, ml/min 6.6 1.7 13.5 2.3 1.5 0.45' 


7.35 0.0741 50.8 0.512 0.207 0.00549 
108iR,, (theor)/, ml/min 3.68 0.05 12.17 0.29 0.37 0.00 


As free acid. * Determined a t  37" and ionic strength 0.15, from Ref. 8. Determined a t  37' and ionic strength 0.5, from Ref. 9. Reference 13. Defined by Eq. 7. 
Observed value. ' Total disappearance including possible / Calculated from the first term of the richt side in Eq. 5. Calculated from Eq. 5 where k ,  = 0.0115 ml/min. 


degradation. 


the integrals, which should be equal to the areas under the respective 
concentration-time curves of I and 11, were calculated by the trapezoidal 
rule. 


As shown in Fig. 2, the plots of kapp versus 1 /V for both prodrugs gave 
reasonably straight lines2. Absorption clearances a t  pH 7.0 calculated 
from the slopes were 0.017 and 0.023 ml/min for Ia and Ib, respectively. 
Despite the 50-fold difference a t  maximum in the oil-water partition 
coefficient of the ionized species of I and the other 8-lactam antibiotics 
(7,8), the absorption clearance of I was very close to that (average 0.012 
ml/min) of other monobasic penicillins (4). This supports the fact that 
the intestinal absorption rate of ionic species of monobasic /I-lactam 
antibiotics is almost independent of their lipophilicity (4). 


At pH 5, the absorption clearances were calculated to be 0.066 and 0.135 
ml/min for Ia and Ib,  respectively, according to Eqs. 3 and 4. I n  uitro 
degradation rate constants of (kd)2 = 9.7 X 
min-' for Ia and Ib and (kd)z = 4.3 X min-', which were evaluated 
a t  37O and pH 5.0 from the kinetic data (2,3,9,10) were used in the cal- 
culations. The absorption clearance of 11, k,,, was determined to be 0.015 
ml/min (Fig. 1). The prodrug absorbabilities were -4 times larger for Ia 
and 9 times larger for Ib than that of the parent drug, 11. The increased 
absorption rate a t  pH 5 with the increased lipophilicity of I may be due 
to the enhanced lipoidal membrane transport of undissociated species 


min-' and 8.9 X 


I11 


0-R 
I 


[y enzyme 


6- 
I1 GI 1 Tract 


Carindacillin ( I b ) :  R = 


Scheme I-Pathways of simultaneous absorption and degradation of 
carbenicillin prodrug ( I )  i n  the GI .  


2 For Ib,  /zmp,, was reevaluated accordmg to Eqs. 3 and 4 because the calculation 
in the previous paper (5) neglected the absorption rate of 11. 


of I across the aqueous diffusion layer adjacent t o  the mucosal surface 
(11). 


Prediction of Penicillin Prodrug Absorbability from Quantitative 
Structure-Absorption Rate  Relationship-A previous report (4) 
established that the theoretical absorption clearance, ktheor, for mono- 
basic B-lactam antibiotics was generalized by the sum of the absorption 
clearances, k, + k,, for the undissociated and ionized species of the drug 
as: 


ktheor (ml/min) = - a ( ~ ) + h ,  (Eq. 5 )  m w  B + fuPu 
where MW is the molecular weight of the undissociated form of antibi- 
otics, P, is the partition coefficient of the undissociated drug between 
oil (e.g., octanol) and water, a, and 0 are constants, and f ,  is the fraction 
of undissociated species as a function of pH expressed as: 


(Eq. 6) 


where a: is the hydrogen-ion activity of perfusion solution and K ,  is the 
dissociation constant of drug. Thus, f,PU represents the apparent par- 
tition coefficient, Pappr as a function of the solution pH: 


Papp = f u P u  (Eq. 7) 


The first term in Eq. 5 was derived for k, from the kinetic model of 
membrane permeation across the lipoidal barrier for the undissociated 
penicillin species transported through the aqueous diffusion layer ad- 
jacent to the GI membrane surface (1 1). With the parameters3 N (4.62), 
8 (35.9), and ki (0.0115) evaluated from the absorption rates (three 
phenoxy derivatives and four isoxazole derivatives of penicillins) in the 
same experiments (4), the theoretical absorption clearances of Ia, Ib, and 
I 1  were calculated according to Eqs. 5 and 6 as a function of lumen solu- 
tion pH4. The results are shown in Fig. 3. 


In Fig. 3, the k,-pH profiles for penicillin V, propicillin, and dicloxa- 
cillin (4) are redrawn by conversion of the first-order absorption rate 
constant to its clearance using the volume (9 ml) of the perfusion solution 
used. The predicted values are in fairly good agreement with the exper- 
imental data for carbenicillin prodrugs and the parent drug, as well as pc 


w x  2 k .f 


1/v,  m1-l x l o *  


Figure 2-Effect of the uolurne of perfusion solution on the absorption 
rates of carfecillin (la, A) and carindacillin (Ib, 0) from the in situ rat 
intestine at p H  7.0 under the same conditions as in Fig. I .  


These values were evaluated from Eqs. 6,12,14 in Ref. 4 by changing the per- 


The parameters based on these calculations are listed in Table 11. 
fusion solution volume to 9 ml. 
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PH 
Figure 3-Plots of the in situ rat intestinal absorption clearance, kobs. 
ojpenici11in.s versus pH of the perfusion solution a t  37". The curues were 
generated from Eq. 5 with the corresponding parameters listed in Table 
I1 and from Ref. 4. Key: 8, carindacillin (Ib); @, carfecillin (la); 0, di- 
cloxacillin; A, propicillin; 0, penicillin V; and A, carbenicillin (II). Data 
for dicloxacillin, propicillin, and penicillin V were taken from Ref. 4.  
for other antibiotics. The results indicate that the prodrugs, Ia and Ib, 
are sufficiently lipophilic to be absorbed rapidly from the GI tract by 
crossing the first barrier of the aqueous diffusion layer in front of the GI 
membrane surface and the second barrier of the lipid membrane. 


The two prodrug chemical modifications of carbenicillin increase both 
the GI absorption rate and the acid-stability and exhibit sufficient 
chemical stability of the ester bond in the GI lumen. However, the results 
suggest that since the ester moieties of Ia and Ib are easily subject to the 
intestinal enzymatic metabolism, both ester prodrugs may liberate the 
poorly absorbable I1 as a result of nonspecific esterase action accompanied 
by absorption to reduce both bioavailabilities. After oral dosage in hu- 
mans, 15-30% for Ia and 35-40% for Ib are recovered as I1 in urine com- 


pared with 75-100% after I1 intravenously (12). The relatively low re- 
covery for I may be attributed to incomplete absorption and/or a first- 
pass effect. But I1 itself can not achieve a large urinary recovery after an 
oral dose. 
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A Dissolution Anomaly Involving Ticrynafen in Simulated 
Intestinal Fluid without Enzyme 
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Abstract 0 Data are presented showing that the anomalous dissolution 
behavior of ticrynafen in simulated intestinal fluid without enzyme is 
due to the presence of potassium ions in the dissolution medium. Solu- 
bility studies indicate that an insoluble 1:l complex is formed between 
ticrynafen and its potassium salt. This complex apparently creates an 
insoluble barrier that prevents complete dissolution of ticrynafen. T o  
determine whether this might also occur in clinical use, a three-way 
cross-over study in 12 subjects was done. Data from this investigation 
show that concomitant administration of ticrynafen tablets and potas- 
sium in the form of a commercial supplement does not adversely affect 
bioavailability. 


Keyphrases 0 Ticrynafen-dissolution anomaly in simulated intestinal 
fluid without enzyme, potassium ions 0 Potassium ions-complex with 
ticrynafen, dissolution anomaly in simulated intestinal fluid without 
enzyme 0 Dissolution-anomaly, ticrynafen in simulated intestinal fluid 
without enzyme 


Considerable effort has been devoted to the develop- 
ment of in uitro dissolution test methods that attempt to 
characterize the in uitro dissolution rate-controlled ab- 


sorption of drugs administered in solid dosage forms. 
Unfortunately, the lack of understanding surrounding the 
many variables that can influence the in uiuo dissolution, 
and possibly the subsequent absorption, make predictions 
based on in uitro data alone extremely difficult. The nature 
of the dissolution media can sometimes influence in uitro 
dissolution behavior dramatically and be misleading with 
regard to in uivo performance. The present study shows 
how the presence of potassium ions in simulated intestinal 
fluid without enzyme retarded drug dissolution without 
affecting the in uiuo performance of ticrynafen'. 


EXPERIMENTAL 
Materials-Ticrynafen', potassium ticrynafen2, and 500-mg ticry- 


nafen tablets1 were obtained. All other chemicals were reagent grade and 
were used without further purification. 


'Selacryn', Smith, Kline & French Laboratorles. 
Smith, Kline & French Laboratories. 
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Structure-Activity Relationships Among Substituted 
N-Benzoyl Derivatives of Phenylalanine and Its 
Analogs in a Microbial Antitumor Prescreen I: 
Derivatives of o - Fluoro -DL - p heny lalanine 
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Abstract 0 Twelve derivatives of o-fluoro-DL-phenyldanine containing 
fluorine, chlorine, methoxy, and nitro radicals in various positions of the 
aromatic ring of the benzoyl group were prepared and tested in a Lac- 
tobacillus casei system. It was found that most substitutions in the 
benzoyl phenyl ring resulted in a compound exhibiting greater growth- 
inhibiting activity than the nonsubstituted benzoyl-o-fluorophenyl- 
alanine. The greatest activity was observed in the ortho-substituted 
fluoro compound and the rneta- and para-substituted chloro and nitro 
compounds. With the methoxy group, the position of substitution ap- 
peared unimportant, since all three methoxy isomers exhibited essentially 
equal inhibition. Nitro substitution in the ortho position had a protective 
effect in that the product was less active than the unsubstituted ben- 
zoyl-o-fluoro-DL-phenylalanine. 


Keyphrases 0 Structure-activity relationships-substituted N-benzoyl 
derivatives of phenylalanine, microbial antitumor prescreen Phenyl- 
alanine-substituted N-benzoyl derivatives, microbial antitumor pre- 
screen 0 Antitumor agents, potential-microbial antitumor prescreen, 
.substituted N-benzoyl phenylalanine derivatives 


Previous studies on the effect of N-acylated amino acids 
and amino acid analogs on the growth of Lactobacillus 
casei in an antitumor prescreen indicate that certain acyl 
groups could activate an otherwise inert amino acid or 
amino acid analog to inhibit the growth of the organism 
(1-4). N-Chloroacetyl (1-3) and N-trifluoroacetyl (4) 
derivatives of certain amino acids exhibited modest but 
significant inhibition. However, among the acyl amino 
acids studied, the N-benzoyl derivatives showed the 
greatest inhibition, especially the benzoyl derivatives of 
phenylalanine analogs (5,6). The nature and the position 
of the substituent in the aromatic ring of phenylalanine 
are apparently of some importance in the action, since 
substituents a t  various positions in the ring resulted in 
compounds of different activity. Of the seven benzoyl 
derivatives of ring-substituted phenylalanine and phe- 
nylalanine analogs studied earlier, benzoyl-p -chloro- and 
benzoyl-rn-fluorophenylalanine showed the greatest in- 
hibition (5,6). Among the N-chloroacetyl derivatives of 
p-halophenylalanines the activity decreased in order from 
the p-iodo through the p-bromo and the p-chloro to the 
p-fluoro derivatives (7). 


This study attempted to find out whether substituents 
in the aromatic ring of the benzoyl moiety would similarly 
affect the inhibitory activity of these compounds and 
whether more potent inhibitors could be devised by com- 
bination of the appropriate substituted benzoyl and phe- 
nylalanine moieties. Thus, a systematic study was under- 
taken to observe the effect of varying the substituents (a) 
to the benzoyl moiety while keeping the amino acid portion 
constant, and (b) to the amino acid while keeping the 
benzoyl moiety unchanged. 


In this study, the amino acid moiety was 0-fluoro-DL- 


phenylalanine, and the aroyl part included 12 ring-sub- 
stituted benzoyl derivatives'. 


EXPERIMENTAL 


o-Fluoro-DL-phenylalanine was obtained commercially2. Its purity 
was checked by paper chromatography in four separate solvent systems 
(cf. Ref. 21, elemental analysis, and by nitrous acid gasometric analysis 
of primary amino nitrogen (8). When necessary it was recrystallized from 
water-ethanol. The acylating agents were obtained from commercial 
sources and purified, by distillation or recrystallization when neces- 
sary. 


The acyl derivatives were prepared by the Schotten-Baumann pro- 
cedure (cf. Ref. 9). The liquid acylating agents were added in 1.2 mole 
excess directly into the reaction mixture in six equal portions over a 1-hr 
period. Solids were added as an ethyl acetate solution, also in six equal 
portions over a I-hr period. The reaction in most cases was carried out 
between 0 and 5O. However, when the acylating agent solidified at  that 
temperature, the reaction was carried out a t  10'. 


The purity of the prepared acyl derivatives was ascertained by ele- 
mental analysis, melting point determination, and by nitrous acid gaso- 
metric determination of primary amino nitrogen (8) (Table I). 


For the microbiological assay, the acyl compounds were dissolved in 
one equivalent of sodium hydroxide. In some cases, warming was required 
to dissolve the compound. At this point, the pH of the test solution was 
-6. 


A modification was made on the sterilization procedure of the test 
compounds so that a larger number of compounds could be tested each 
time. The all-glass filtration procedure for sterilization was replaced with 
one using sterilizing filter units3 (0.22-pm pores) attached to plastic sy- 
r i n g e ~ ~ .  


The assay medium was a riboflavin-supplemented riboflavin assay 
medium5 containing 0.03 pg of riboflavin6/ml in the f d  assay system. 


The system was incubated at  37.5O for 19 hr, and then bacteria growth 
was terminated by immersing the tubes in boiling water for 10 min. After 
the suspension was cooled in an ice bath for 10 min, the growth was de- 
termined turbidimetrically on a photoelectric colorimeter7 equipped with 
a red filter (660 nm). 


The organism used was Lactobacillus casei 746gS, which was carried 
on agarg, subcultured bimonthly, and transferred to a brothg for the 
preparation of the inoculum. The inoculum was a 1:20 diluted suspension 
of the washed bacteria in 10 ml of normal saline. Details of the assay 
procedure were described previously (1). 


The extent of growth in the inoculated control (containing no test 
compound), the inhibitor control (containing 6-mer~aptopurine~~), and 
in some of the compounds previously studied, varied with different lots 


~ ~~ 


1 This paper is part of a continuing study of the effect of N-acylation of amino 
acids and of amino acid analogs on the growth of microorganisms used 88 a prescreen 
for antitumor activity and is the first of a series of papers describing the inhibitory 
effect of substituted benzoyl derivatives of various phenylalanine analogs. 


ICN Pharmaceuticals, Cleveland, OH 44128. 
Millex-GS, Millipore Corp., Bedford, MA 01730. 
Plastipak disposable syringes, Becton-Dickinson and Co., Rutherford, NJ 


Difco B325, Difco Laboratories, Detroit, Mich. 
Calbiochem-Behring Corp., San Diego, CA 92112. 
Klett-Summerson photoelectric colorimeter, Arthur H. Thomas Co., Phila- 


!The American Type Culture Collection, Rockville, MD 20852. 
9 Micro assay culture agar (Difco B319), Micro inoculum broth (Difco 8320) 


lo Sigma Chemical Co., St. Louis, MO 63178. 


07070. 


del hia, PA 19105. 


Difco Laboratories, Detroit, Mich. 
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Figure 1-Inhibition curues of some substituted benzoyl-o-fluoro- 
DL-phenylalanines: determination of IDSO. Key: 0 ,  o-fluorobenzoyl- 
0-fluoro-DL-phenylalanine; A, m-chlorobenzoyl-o-fluoro-DL-phenyl- 
alanine; , p-chlorobenzoyl-o-fluoro-DL-phenylalanine; 0, m-nitro- 
benzoyl-o-fluoro-DL-phenylalanine; and  A, p-nitrobenzoyl-o-fluoro- 
DL-phenylalanine. 


of the riboflavin assay medium used. Therefore, in this study and all 
subsequent studies of this series, the comparison of the extent of growth 
was made using medium of the same lot. In addition, the pH of the assay 
medium was adjusted uniformly to 6.40 by the addition of an appropriate 
amount of 0.5 N HCI before addition of the test compounds. The pH of 
the final system, determined on an aliquot of the medium containing an 
equivalent amount of the test compounds as the experimental tubes, was 
6.20, and was within 0.1 pH units of the control tubes containing no test 
compounds. 


RESULTS AND DISCUSSION 


Most of the substituted N-benzoyl derivatives of o-fluoro-DL-phe- 
nylalanine showed considerable inhibitory activity. Of the 12 compounds 
tested, nine showed inhibition of 250% (Table 11). These compounds may 
be considered to be positive according to the protocol of the microbial 


Table  I-Purity of Benzoyl Ring Substi tuted Derivatives of o -  
Fluoro-DL-Dhenylalanine a 


o-Fluoro-DL-phenyl- Melting Empirical Analysisc, % 


alanine Derivative Pointb Formula Calc. Found 


o -Fluorobenzoyl 


rn-Fluorobenzoyl 


p-Fluorobenzoyl 


o-Chlorobenzoyl 


rn -Chlorobenzoyl 


p -Chlorobenzoyl 


o-Methoxybenzoyl 


rn-Methoxybenzoyl 


p-Methox benzoyl 
(anisoy 17 


o -Nitrobenzoyl 


rn-Nitrobenzoyl 


p-Nitrobenzoyl 


167-168 


168-169 


224 


172-175 


160-162 


208-209 


119-121 


154-157 


168-170 


177-182 


162-164 


179-182 


C 62.95 62.72 
H 4.29 4.41 
N 4.59 4.47 
F 12.45 12.86 
C 62.95 62.38 
H 4.29 4.25 
N 4.59 4.35 
F 12.45 12.63 
C 62.95 62.64 
H 4.29 4.46 
N 4.59 4.61 
F 12.45 12.69 
c 59.73 59.73 
H -4.07 4. i i  
N 4.35 4.39 
c1 11.0" 11.13 
F 5.90 5.62 c 59.73 59.97 
H 4.07 4.16 
N 4.35 4.39 
CI 11.02 11.17 
F 5.90 6.16 
c 59.73 59.44 
H 4.07 4.07 
N 4.35 4.45 
CI 11.02 11.02 
F 5.90 5.97 
C 64.35 64.42 
H 5.08 4.95 
N 4.41 4.42 
F 5.99 5.89 
C 64.35 63.99 
H 5.08 5.28 
N 4.41 4.53 
F 5.99 6.11 
C 64.35 64.85 
H 5.08 5.20 ~ _. 


N 4.4i 4.68 


c 57.84 57.55 
F 5.99 5.63 


H 3.94 4.09 
N 8.43 8.30 
F 5.72 5.7i 
C 57.84 57.59 
H 3.94 4.11 


F 5.72 5.65 


H 3.94 3.88 


F 5.72 5.83 


N 8.43 8.31 


c 57.84 57.58 


N 8.43 8.32 
~~ 


Van Slyke nitrous acid determination nf primary amino nitrogen ( 8 )  made on 
a 1-ml sample containing an equivalent of 0.25-0.30 mg of  amino nitrogen (when 
hydrolyzed) yielded no detectable quantity of nitrogen. * Melting points were de- 
termined on a Fisher-Johns melting point block and are uncorrected. Elemental 
analyses were performed by the Microanalytical Laboratory, National Institute 
of Arthritis, Metabolism, and Digestive Diseases. National Institute of Health, 
Bethesda, Md. 


antitumor prescreen (lo), and will be tested further in mammalian tumor 
systems. 


Of the remaining three compounds, rn-fluorobenzoyl- and p-fluo- 
robenzoyl-o-fluoro-DL-phenylalanine, though slightly less active, nev- 
ertheless showed almost as much inhibiting activity as the more active 
chloroacetyl(2,3) and trifluoroacetyl(4) derivatives studied earlier. The 
o-nitrobenzoyl compound showed about the same activity as most of the 
active N-chloroacetyl amino acids studied previously (3). 


Comparison of activity within each group of derivatives (Table 11) 
showed that the nature and the position of the substituents in the benzoyl 
ring were important to the inhibitory capacity of the compounds. For 
example, the substitution of a fluorine atom at the ortho position in the 
benzoyl ring of the fluorobenzoyl-o-fluoro-phenylalanines resulted in 
the most active derivative of this series, showing 69% inhibition at  1 
mg/ml. Though not as pronounced, fluorine substitution a t  the meta or 
the para position in the benzoyl ring yielded derivatives of appreciable 
activity (39-47%), the meta isomer being slightly more active than the 
para isomer. 


With the chlorobenzoyl and nitrbbenzoyl derivatives, the meta and 
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Table 11-Effect of Benzoyl Ring Substi tuted Derivatives of 
o -Fluorobenzoyl-DL-phenylalanine on the Growth of L. casei 
7469 * 


mM .Inhibition b; % 
o-Fluoro-DL-phenylalanine Equivalent 0.1 0.5 1.0 


Derivative a t  1 mglml mglmlc mglml‘ mglml‘ 
~ ~~ 


o-Fluorobenzoyl 
m-Fluorobenzoyl 
p-Fluorobenzoyl 
o-Chlorobenzoyl 
m-Chlorobenzoyl 
p -Chlorobenzoyl 
o -Methoxybenzoyl 
m -Methoxybenzoyl 
p-Methoxybenzoyl- 


o-Nitrobenzoyl 
m-Nitrobenzoyl 
p-Nitrobenzoyl 
Benzovl 


(anisoyl) 


3.28 5 22 69 
3.28 0 18 47 
3.28 0 11 39 
3.11 6 27 51 
3.11 5 55 90 
3.11 9 57 88 
3.15 6 31 53 
3.15 1 21 53 
3.15 5 28 54 


3.01 1 9 17 
3.01 0 36 68 
3.01 0 28 70 
3.48 2 12 31 


a For details of assay, see Ref. 1. * Turbidity readings of the inoculated control 
tubes (containing no test compound) were 182-194 Klett units. At least three du- 
plicate determinations were made for each compound. The duplicate values in each 
determination agreed within f 5  Klett units; e.g , the standard deviation of a 
compound showing a mean value of -20% inhibition was 2.7 and the standard error 
was 0.95. 


the para isomers were the most active of the three isomers. Hence, m- 
chlorobenzoyl- and p-chlorobenzoyl-o -fluoro-DL-phenylalanine showed 
nearly complete inhibition a t  1 mg/ml, while the corresponding o-de- 
rivative showed an inhibition of 51%, and m-nitrobenzoyl- and p-nitro- 
benzoyl-o-fluoro-DL-phenylalanine exhibited activity of -70%, while 
the corres onding ortho isomer showed only 17% inhibition. 


When t i e  substituent was a methoxy group, the position of substitution 
in the benzoyl ring appeared unimportant since all three isomers of 
methoxybenzoylphenylalanine exhibited about the same degree of in- 
hibition (54%). 


T o  allow comparison of relative activities, the degree of inhibition of 
each compound a t  4.47 mM was determined (Table 111). This concen- 
tration is equivalent to 1 mg/ml final concentration in the assay system 
of N-chloroacetyl-D-0-hydroxynorleucine B, the most active N-acyl al- 
icyclic amino acid studied earlier (2). 


The most active benzoyl ring substituted o-fluoro-DL-phenylalanines 
were o -fluorobenzoyl, m-chlorobenzoyl, p-chlorobenzoyl, m -nitrobenzoyl, 
and p-nitrobenzoyl derivatives, all of which showed essentially complete 
inhibition a t  4.47 mM. 


An inhibition curve was constructed for each of these compounds (Fig. 
1). This showed that the most active of these compounds were m-chlo- 
robenzoyl- and p-chlorobenzoyl-o-fluoro-DL-phenylalanine, with ID5o 
values of 1.30 and 1.40, respectively. The next active compounds were 
the m-nitrobenzoyl and p-nitrobenzoyl derivatives (ID50 1.95 and 2.10, 
respectively), and the least active was o-fluorobenzoyl-o-fluoro-DL- 
phenylalanine (ID50 2.60). Thus, when the amino acid moiety was phe- 
nylalanine containing an electronegative group, i.e., fluorine, in the ortho 
position, a large electronegative group such as chlorine or a nitro group 
in the meta position of the benzoyl ring appeared to increase the inhib- 
itory capacity. 


Table 111-Comparison of the Effect of Equimolar 
Concentrations of Benzoyl Ring Substi tuted Derivatives of o - 
Fluoro-DL-phenylalanine on the Growth of L. casei 7469 a 


Final concentration in assay system. 


Derivative of o-Fluoro-DL-phenylalanine 


o-Fluorobenzoyl 
m-Fluorobenzoyl 
p-Fluorobenzoyl 
o-Chlorobenzoyl 
m -C hlorobenzoyl 
p-Chlorobenzoyl 
o-Methoxybenzoyl 
m-Methoxybenzoyl 
p-Methoxybenzoyl (anisoyl) 
o-Nitrobenzoyl 
rn -Nitrobenzoyl 
p -Nitrobenzoyl 
Benzoyl 


Inhibitionb, % 


94 
61 
54 
66 
97 
96 .~ 


76 
75 
74 
28 
92 
92 
44 


a Maximum growth in inoculated control tube (containing no test compound) 
WBB 182-194 Klett unita. For explanation of extent of variation of values, see Table 
I1 footnotes. b Concentration was 4.47 mM and was the final concentration in the 
assay system. For details of assay, see Ref. 1. 


Table IV-Effect of Substi tuted Benzoic Acids on the  Growth of 
L. casei 7469 a 


Substituted Benzoic Acid Inhibitionb, % 


o-Fluorobenzoic Acid 
m-Fluorobenzoic Acid 
p-Fluorobenzoic Acid 
o-Chlorobenzoic Acid 
m-Chlorobenzoic Acid 
p-Chlorobenzoic Acid 
o-Methoxybenzoic Acid 
m-Methoxybenzoic Acid 
p-Methoxybenzoic Acid (anisic acid) 
o-Nitrobenzoic Acid 
m-Nitrobenzoic Acid 
p-Nitrobenzoic Acid 


~~ ~ 


See Table I1 footnotes for details of the assay. 
mM. 


6 
10 
7 
7 


32 
32 


3 
10 
6 
9 


30 
34 


b Concentration was 4.47 


Most of the other seven derivatives showed striking activity (54-76% 
inhibition). This inhibition was considerably greater than that of com- 
pounds with no substituent on the benzoyl ring; benzoyl-o-fluoro-DL- 
phenylalanine inhibited 44%. 


The activity of o -nitrobenzoyl-o-fluoro-DL-phenylalanine (28%), the 
least active of all the derivatives of the series, was less than that of the 
unsubstituted benzoyl derivative, N-benzoyl-o-fluoro-DL-phenylalanine. 
However, its inhibition was as great as most of the inhibiting chloroacetyl 
derivatives, which inhibited -15-35% (3). 


Thus, except for o -nitrobenzoyl-o-fluoro-DL-phenylalanine, all sub- 
stituents in the benzoyl ring have an inhibitory enhancing effect, whatever 
the electronic nature of the substituent (i.e., electron-withdrawing or 
electron-donating). 


The position of these substituents in the benzoyl ring appeared to be 
important, especially when the substituent was strongly electronegative, 
such as in the chlorine, fluorine, and nitro groups. The data are not yet 
sufficient to draw conclusions about the relationship between the sub- 
stituent of the benzoyl ring and that of the phenyl ring of phenylalanine. 
Only a more restrictive observation applying only to the derivatives of 
o-fluoro-DL-phenylalanine could be made. Subsequent studies will give 
further information on the role of the amino acid moiety in the inhibitory 
capacity. 


The inhibition is not likely due to the release of hydrolytic products 
of the substituted benzoyl amino acids, i.e., the release of the ring-sub- 
stituted benzoic acid or the o-fluoro-DL-phenylalanine. Except for m- 
chlorobenzoic acid, p-chlorobenzoic acid, m-nitrobenzoic acid, and p- 
nitrobenzoic acid, all of which showed -32-34% inhibition, the substi- 
tuted benzoic acid had essentially no inhibitory activity (Table IV). For 
those substituted benzoic acids showing some activity, the benzoyl amino 
acids containing these groups were decidedly more active than the non- 
substituted benzoic acid. o-Fluoro-DL-phenylalanine was shown to be 
inactive in this assay system (3). Furthermore, it was demonstrated 
previously (3) that  no notable degree of hydrolysis occurred during in- 
cubation. 


There is insufficient data to propose a possible inhibition mechanism 
from these experiments. However, based on earlier studies on proteases 
(11,12) where aromatic ring-rich dipeptides were shown to be superior 
substrates of some of these enzymes, and knowing that proteolytic en- 
zymes are commonly produced by microorganisms, it is reasonable to 
speculate on the involvement of these aroyl phenylalanine analogs in the 
inhibition of such enzymes. 
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Table I-Reproducibility of Recovery of Amitriptyline and Metabolites from Spiked Hemolyzed Whole Blood 


Normalized Peak Heights X lo2" 
Compounds Added to Whole Blood 25 ngb 100 ng 200 ngb 0.5 ml' 1.5 ml' 2.0 mlc 


I 1.69 f 0.05 1.83 f 0.06 1.73 f 0.04 1.78 f 0.06 1.57 f 0.06 1.37 f 0.08 
I1 1.53 f 0.06 1.57 f 0.06 1.53 f 0.03 1.56 f 0.05 1.47 f 0.03 1.38 f 0.06 


IV 0.56 f 0.06 0.61 f 0.02 0.64 f 0.01 0.65 f 0.01 0.55 f 0.03 0.48 f 0.02 
V 0.18 f 0.02 0.15 f 0.01 0.16 f 0.004 0.18 f 0.005 0.14 f 0.004 0.13 f 0.007 


VI 0.21 f 0.02 0.20 f 0.01 0.23 f 0.03 0.23 f 0.005 0.19 f 0.01 0.18 f 0.01 


Mean f SD, n = 5 for columns 1-3, n = 4 for columns 4 4 .  * Amount of I and metabolites added to 1.0 ml of blank, hemolyzed whole blood. Volumes of blank, hemolyzed 
whole blood to which 100 ng of each component was added. 


several months for quantitation of I and all of its metabolites. The use 
of a water-jacket to maintain column eqilibrium should not be necessary 
if laboratory ambient temperature fluctuates 3" or less daily. 


Plasma samples can be analyzed satisfactorily using the same proce- 
dure as that followed for blood samples. As evidenced by the reproduc- 
ibility of the normalized peak height values of I and the fact that  there 
was no trend in these values with concentration, adsorption to glassware, 
if it occurred, did not present a problem with the calibration of the assay. 
This is in contrast to other extraction procedures where adsorption to 
glassware has resulted in erratic recoveries (7). Butanol was added to the 
extracting solvent to prevent emulsification and to improve extraction 
of the more polar metabolites and the internal standard. It is likely that 
this short-chain alcohol acts like isoamyl alcohol in decreasing adsorption 
of basic drugs to glass. When standard solutions were assayed, all 
methanol was evaporated off before the addition of whole blood, as it 
otherwise affected the cleanliness of the extract. Maximum recovery de- 
pended on careful attention to every step of the extraction, particularly 
the pooling of the organic phase, evaporation, and final vortexing. 


Although the addition of bases to mobile phases used with silica col- 
umns is known to decrease column life (8), the low concentration of 
aqueous ammonium hydroxide used in this procedure caused little de- 
terioration of the packing material. A greater problem arose from column 
contamination by sample extracts, resulting in broadening or even 
splitting of the peaks. This condition was rectified periodically by re- 
moving the top few millimeters of packing inaterial and replacing it with 
glass microbeads. The use of a guard column packed with pellicular silica 
should circumvent this problem. 


The present method offers several advantages over some previously 
published procedures. The extraction is simple and rapid, the chroma- 
tography is short (15 min), yet allows good separation of I and its known 
active metabolites. The sensitivity is good, which should allow phar- 
macokinetic studies to be carried out; the procedure can be applied to 
either whole blood or plasma. For high-clearance compounds such as I, 


whole blood measurements may be preferable, obviating the need for 
determining the red cell to plasma partition coefficient, which may be 
concentration-dependent. 
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Abstract  A capillary gas-chromatographic method is described for 
the quantitative analysis of nine equine estrogens in a vaginal cream 
formulation. The sodium sulfate ethers of the estrogens were selectively 
extracted from the formulation, subjected to enzyme hydrolysis, and 
derivatized to their oxime-trimethylsilyl esters. Resolution of the re- 
sulting derivatives was achieved on a short (15 m) capillary column, 
wall-coated with cyanopropylmethyl silicon stationary phase. 


Keyphrases Estrogens-conjugated, analysis of a vaginal cream 
formulation by capillary gas chromatography GC-capillary, analysis 
of conjugated estrogens in a vaginal cream formulation Vaginal cream 
formulation-conjugated estrogens, analysis by capillary gas chroma- 
tography 


The pharmaceutical product known as conjugated es- 
trogens, is a mixture of nine or more equine estrogens 
isolated from the urine of pregnant mares (1). As their 


sodium sulfate salts, they have been used in tablet, injec- 
table, and cream formulations for relieving symptoms as- 
sociated with menopause. Application of the vaginal cream 
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Figure 1-Chromatogram of equine estrogens as their oxime-tri- 
methylsilyl derivatives derived from a vaginal cream formulation. Key: 
lI17a-estradio1; 2,  170-estradiol; 3,17a-dihydroequilin; 4,170-dihy- 
droequilin; 5 ,  ethinyl estradiol (internal standard); 6 ,  estrone; 7 ,  equilin; 
8,17a-dihydroequilenin; 9,170-dihydroequilenin; and 10, equilenin. 


has been shown to produce a marked improvement in 
vaginal and vasomotor symptoms (2), and it has been 
noted that estradiol and estrone plasma levels significantly 
increased after a single dose. Since estrogens are readily 
absorbed into the bloodstream after local application, an 
accurate and selective method for quality assessment of 
the cream is as essential as one for the tablet and injectable 
formulations. 


A t  the present time, the assay contained in the United 
States Pharmacopeia (3) is a colorimetric procedure that 
quantifies only the two major steroids, estrone and equilin. 
A gas chromatographic (GC) procedure is specified only 
for identification of the steroid mixture. Monographs in 
USP relate to the tablet formulation only. More selective 
packed column (4,5) and capillary column (6) GC methods 
have been reported for the quantitative analysis of the 
individual steroids in conjugated estrogens. However, these 
methods have been suitable only for tablet and injectable 
formulations. 


Table I-Analysis of Vaginal Cream Formulation 


Component Potency" Percentage 


17a-Estradiol 0.0196 3.14 
170-Estradiol 0.0054 0.86 
17a-Dihvdroeauilin 0.0941 15.07 
17P-Dihydroequilin 
Estrone 
Equilin 
17a-Dihydroequilenin 
17B-Dihvdroeauilenin 


0.0074 1.18 
0.3122 49.99 
0.1497 23.97 
0.0113 1.81 
0.0015 0.24 


Equilenh . 0.0233 3.73 
Total 0.6245 99.92 


a Expressed as milligrams of the sodium sulfate salts in each gram of cream (label 
claim: 0.625 mg/g). Average of two assays. 


The quantitative method described herein is a modifi- 
cation of a capillary GC assay described previously (6) for 
tablet and injectable formulations. 


EXPERIMENTAL 


A capillary gas chromatograph' operated in the split mode was used 
with a flame ionization detector and a data terminal2 for all measure- 
ments. A commercial 15 m X 0.25-mm borosilicate column3, wall-coated 
with cyanopropylmethyl silicon liquid phase (Silar lOC), was used with 
a helium carrier gas flow of 0.8 ml/min through the column and a split 
vent flow of 40 ml/min. The column inlet pressure was 10 psi. The injector 
and detector temperatures were 250" and the oven was programmed from 
170" for 7 min to 220" at  2.3"/min and was maintained at  the upper 
temperature until elution of the last peak (equilenin). 


Materials and Supplies-Methylene chloride, chloroform, acetic acid, 
sodium acetate, and sodium chloride were reagent grade quality. N,O- 
Bis(trimethylsi1yl)trifluoroacetamide and pyridine were silylation grade4. 
Sulfatase enzyme5, ethinyl estradioF, hydroxylamine hydrochloride7, 
and equine estrogens8 were used without further purification. 


Sample Preparation-An accurately weighed sample of the vaginal 
cream, equivalent to -1 mg of conjugated estrogens, was transferred 
directly into a 50-1111 screw-capped centrifuge tube. Ten milliliters of a 
10% solution of sodium chloride in water were added and the tube was 
shaken thoroughly. The suspended cream was washed twice with 25-ml 
portions of methylene chloride and the organic phase was discarded after 
centrifugation. 


Nitrogen was bubbled through the aqueous phase to remove any re- 
sidual methylene chloride until its odor was no longer apparent. To the 
aqueous extract was added 15 ml of acetate buffer (pH 5.2,0.02 M), 2000 
U of sulfatase enzyme, and the mixture, was incubated for 30 min a t  45". 
Following hydrolysis of the sodium sulfate esters, a 0.2-ml aliquot of the 
internal standard, ethinyl estradiol(l.0 mg/ml), in chloroform was added 
and the mixture was shaken for 15 min on a rotary tube tumblerg. After 
centrifuging, the chloroform layer was separated and evaporated under 
a gentle nitrogen stream. The equine estrogens were then converted to 
their oxime-trimethylsilyl derivatives by the addition of 200 pl of hy- 
droxylamine hydrochloride in pyridine (2.0%) and heating the solution 
in a screw-capped conical vialL0 for 30 min at  70". After conversion of the 
keto-steroids to their oxime derivatives, the remaining hydroxy functions 
were silylated by the addition of 150 ~l of N,O-bis(trimethylsily1)tri- 
fluoroacetamide and further heating the vials for 10 min at  70". A 2 - 4  
aliquot was used for analysis. 


RESULTS AND DISCUSSION 


The chromatogram shown in Fig. 1 is representative of the steroid 
profile obtained from the analysis of a vaginal cream formulation. The 
identity of each steroid was established previously (6) by comparison with 
authentic equine estrogens. The resolution of the capillary column is 
sufficient to separate all the estrogen steroids along with the internal 
standard in -28 min. 


Model 5830A, Hewlett-Packard, Avondale, Pa. * Model 18850A, Hewlett-Packard, Avondale, Pa. 
Alltech Associates, Rockford, Ill. 
Pierce Chemical Co., Rockford, Ill. 
Type H-2, Sigma Chemical Co., St. Louis, Mo. 
Sigma Chemical Co., St. Louis, Mo. 
British Drug Houses, London, En land 


RotoRack, Fisher Scientific Co. Ltd., Vancouver, B.C., Canada. 
* Ayerst Pharmaceuticals, Montreaf Quebec, Canada. 


lo Reacti-Vial, Pierce Chemical Co., Rockford, Ill. 
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The quantitation of each of the equine estrogens separated in this 
fashion was accomplished by using the relative response ratios of each 
estrogen as compared to the internal standard, ethinyl estradiol. For such 
determinations, the response ratio and linearity of response were de- 
termined by injection of six aliquots of each individual steroid at  levels 
bracketing the anticipated quantity in the mixture with a constant 
amount of internal standard. For all such measurements, the correlation 
between peak area ratios and concentrations was 0.998 or better. 


Extraction of the water soluble sodium sulfate salts of the equine es- 
trogens required the addition of sodium chloride to suppress emulsion 
formation. The methylene chloride extraction effectively removed lipid 
soluble formulation excipients as evidenced by a chromatogram that was 
essentially devoid of extraneous peaks other than those of the equine 
estrogens. Subsequent hydrolysis of the sulfate conjugates with 2000 U 
of sulfatase enzyme had earlier been reported (5) as sufficient for hy- 
drolysis of 1 mg of the conjugates, even in the presence of small amounts 
of phosphates. 


The quantitative assay data obtained from the analysis of two aliquots 
of a vaginal cream formulation is given in Table I. The quantities of es- 
trone and equilin are within the limits specified for conjugated estrogens 
in the United States Pharmacopeia (3). The total potency determined 
indicates that the product was 99.9% of labeled claim. 


In summary, this method represents the first quantitative procedure 


for the total analysis of the steroid composition in an estrogen vaginal 
cream formulation. 
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Abstract The stability of benzoyl peroxide in polyethylene glycol 
ointment base and some liquid vehicles (acetone, ethanol, propylene 
glycol, and their mixtures) was studied. Some solutions also contained 
an additional ingredient (acetanilide, benzoic acid, chlorhydroxyqui- 
noline, and hydroxyquinoline) as a possible stabilizer. Benzoyl peroxide 
decomposed very fast (first-order K value 0.028 day-’ a t  24’) in poly- 
ethylene glycol ointment base. At 50°, the potency of benzoyl peroxide 
in polyethylene glycol ointment base decreased to <I% in 5 days. De- 
composition in solutions is complex. Considering acetone as a standard 
vehicle, ethanol improved the stability of benzoyl peroxide and propylene 
glycol had an adverse effect on the stability. Of the stabilizers studied, 
only chlorhydroxyquinoline improved the stability. 


Keyphrases 0 Benzoyl peroxide-stability, effect of some formulation 
adjuncts Formulations-benzoyl peroxide, effect of some formulation 
adjuncts on stability 0 Keratolytics-benzoyl peroxide, effects of some 
formulation adjuncts on stability 


Benzoyl peroxide formulations are used extensively for 
the treatment of acne; however the literature on the sta- 
bility of benzoyl peroxide is scarce. Gruber et al. (1) 
studied the stability of some commercial lotions containing 
I but the formulations’ excipients were not reported. 
According to that report, benzoyl peroxide usually de- 
composes to benzoic acid and carbon dioxide. 


The stability of benzoyl peroxide in pharmaceutical gels 
was reported’by Bollinger et al. (2). These authors rec- 
ommended the use of sodium hydroxide over triethano- 
lamine as a neutralizing agent. Moreover, gels containing 
some acetone were reported to be very stable (even at 
higher temperature) uersus ethanol which had an adverse 
effect on the stability of benzoyl peroxide. These studies 
used a selective titrimetric analysis method (3). 


A stability-indicating assay method using high-pressure 
liquid chromatography (HPLC) was reported recently (4). 
The report questioned the accuracy of the titrimetric 
method (3) which is also official in the USP (5). The latest 
USP-NF edition (6) recommends the same titrimetric 
method of analysis for both hydrous benzoyl peroxide and 
its lotion. 


The purpose of these investigations was to study the 
effect of some formulation adjuncts, polyethylene glycol 
ointment USP (7), some liquid vehicles, and some possible 
stabilizers, on the stability of benzoyl peroxide. 


EXPERIMENTAL 
Chemicals and Reagents-All the chemicals and reagents were either 


USP, NF, or ACS grade and were used without further purification. 
Benzoyl peroxide granules’ and hydrous benzoyl peroxide granules2 were 
used as received. 


Apparatus-The HPLC3 was equipped with a multiple wavelength 
detector4, a recorder5, and a digital integrator6. 


Column-A nonpolar column7 (30 cm X 4-cm id.) was used. 
Chromatographic Conditions-The mobile phase contained 60% 


(v/v) of acetonitrile and 0.870 (v/v) of glacial acetic acid in water. The flow 
rate was 2.5 ml/min and the temperature was ambient. The sensitivity 
was set at  0.04 (254 nm) and the chart speed was 30.5 cm/hr. 


Preparation of Ointments for Stability Studies-A 2.0% (w/w) 


Aldrich Chemical Co., Milwaukee, Wis. 
Pennwalt Corp., Buffalo, N.Y.; generously supplied by Alcon Laboratories, Fort 


Model ALC 202 equipped with a U6K universal injector, Waters Associates, 


Spectroflow monitor SF770, Schoeffel Instrument Corp., Westwood, N.J. 
Omniscribe.5213-12. Houston Instruments. Austin. Texas. 


Worth, Texas. 


Milford, Mass. 


Autolab minigrator,’Spectra-Physics, Santa Clara, ‘Calif. 
SBondapak Cl* (catalog no. 27324), Waters Assoc., Milford, Mass. 


0022-3549f 82l0500-0585$0 1.0010 
@ 1982, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 585 
Vol. 71, No. 5, May 1982 












PH 
Figure 3-Plots of the in situ rat intestinal absorption clearance, kobs. 
ojpenici11in.s versus pH of the perfusion solution a t  37". The curues were 
generated from Eq. 5 with the corresponding parameters listed in Table 
I1 and from Ref. 4. Key: 8, carindacillin (Ib); @, carfecillin (la); 0, di- 
cloxacillin; A, propicillin; 0, penicillin V; and A, carbenicillin (II). Data 
for dicloxacillin, propicillin, and penicillin V were taken from Ref. 4.  
for other antibiotics. The results indicate that the prodrugs, Ia and Ib, 
are sufficiently lipophilic to be absorbed rapidly from the GI tract by 
crossing the first barrier of the aqueous diffusion layer in front of the GI 
membrane surface and the second barrier of the lipid membrane. 


The two prodrug chemical modifications of carbenicillin increase both 
the GI absorption rate and the acid-stability and exhibit sufficient 
chemical stability of the ester bond in the GI lumen. However, the results 
suggest that since the ester moieties of Ia and Ib are easily subject to the 
intestinal enzymatic metabolism, both ester prodrugs may liberate the 
poorly absorbable I1 as a result of nonspecific esterase action accompanied 
by absorption to reduce both bioavailabilities. After oral dosage in hu- 
mans, 15-30% for Ia and 35-40% for Ib are recovered as I1 in urine com- 


pared with 75-100% after I1 intravenously (12). The relatively low re- 
covery for I may be attributed to incomplete absorption and/or a first- 
pass effect. But I1 itself can not achieve a large urinary recovery after an 
oral dose. 
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Abstract 0 Data are presented showing that the anomalous dissolution 
behavior of ticrynafen in simulated intestinal fluid without enzyme is 
due to the presence of potassium ions in the dissolution medium. Solu- 
bility studies indicate that an insoluble 1:l complex is formed between 
ticrynafen and its potassium salt. This complex apparently creates an 
insoluble barrier that prevents complete dissolution of ticrynafen. T o  
determine whether this might also occur in clinical use, a three-way 
cross-over study in 12 subjects was done. Data from this investigation 
show that concomitant administration of ticrynafen tablets and potas- 
sium in the form of a commercial supplement does not adversely affect 
bioavailability. 


Keyphrases 0 Ticrynafen-dissolution anomaly in simulated intestinal 
fluid without enzyme, potassium ions 0 Potassium ions-complex with 
ticrynafen, dissolution anomaly in simulated intestinal fluid without 
enzyme 0 Dissolution-anomaly, ticrynafen in simulated intestinal fluid 
without enzyme 


Considerable effort has been devoted to the develop- 
ment of in uitro dissolution test methods that attempt to 
characterize the in uitro dissolution rate-controlled ab- 


sorption of drugs administered in solid dosage forms. 
Unfortunately, the lack of understanding surrounding the 
many variables that can influence the in uiuo dissolution, 
and possibly the subsequent absorption, make predictions 
based on in uitro data alone extremely difficult. The nature 
of the dissolution media can sometimes influence in uitro 
dissolution behavior dramatically and be misleading with 
regard to in uivo performance. The present study shows 
how the presence of potassium ions in simulated intestinal 
fluid without enzyme retarded drug dissolution without 
affecting the in uiuo performance of ticrynafen'. 


EXPERIMENTAL 
Materials-Ticrynafen', potassium ticrynafen2, and 500-mg ticry- 


nafen tablets1 were obtained. All other chemicals were reagent grade and 
were used without further purification. 


'Selacryn', Smith, Kline & French Laboratorles. 
Smith, Kline & French Laboratories. 
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Figure 1-Effect of stirring rate on the dissolution behavior of 500-mg 
ticrynafen tablets in simulated intestinal fluid without enzyme. Key: 
@, 50 rpm; ., 100 rpm. 


Dissolution Media-The following dissolution media were used in 
the dissolution studies: simulated intestinal fluid without enzyme USP 
(0.05 M), 0.05 M potassium phosphate buffer (pH 7.5). 0.05 M sodium 
phosphate buffer (pH 7.5), 0.05 M tromethamine buffer (pH 7.6). Buffers 
were freshly prepared prior to all dissolution studies. 


Dissolution Methodology-The tablet dissolution profiles were de- 
termined in various buffer systems using Method I1 as described in the 
official compendia (1). The amount of drug dissolved with time was 
monitored by circulating the filtered dissolution media through a flow 
cell in a recording spectr~photometer~ at  355 nm and returning it to the 
vessel. The ticrynafen absorbance uersus time represents the dissolution 
profile of the tablet. The fractional amount of drug released as a function 
of time was determined by dividing the absorbance at any particular time 
by the absorbance after complete dissolution. A standard solution of ti- 
crynafen (500 mg in 900 ml of dissolution medium) was utilized in the 
flow-cell apparatus to determine the absorbance when the tablet disso- 
lution was complete. 


Complexation Studies-A solubility method described previously 
(2) was utilized. Excess amounts of ticrynafen were placed in screw- 
capped glass vials. A 10-ml aliquot of various known concentrations of 
potassium ticrynafen was added to the vials. The samples were rotated 
overnight in a constant temperature bath at 25 f 0.5'. An aliquot was 


INITIALLY AFTER 60 min 


Figure 2-Ticrynafen tablet (500 mg), initially and after 60 min in 
simulated intestinal fluid without enzyme. 
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Figure 3-Dissolution behavior of 500-mg ticrynafen tablets in sirnu- 
lated intestinnl fluid without enzyme (m), 0.05 M potassium phosphate 
solution (X), 0.05 M sodium phosphate solution (O), and 0.05 M tro- 
methamine solution (A). 


removed from the vials, diluted with the appropriate solvent, and ana- 
lyzed spectrophotometrically a t  355 nm. 


RESULTS AND DISCUSSION 
Dissolution Studies-Figure 1 shows the results of dissolution studies 


conducted with 500-mg ticrynafen tablets by USP Method I1 in simulated 
intestinal fluid without enzyme at  37' a t  50 and 100 rpm, respectively. 
There appears to be a marked dependency on agitation. Physical obser- 
vations during the dissolution test indicate that the tablet appeared to 
develop a crusty layer at the surface at 50 rpm. This effect is shown in Fig. 
2. Since the ticrynafen tablets showed poor dissolution behavior at 50 
rpm and developed the crust-like surface, it was thought that something 
in the system might be causing an interaction that resulted in poor dis- 
solution. The effect also seemed dependent on agitation intensity, since 
complete tablet dissolution was achieved in 30 min at 100 rpm. In addi- 
tion, increased agitation intensity had little, if any, effect on the disso- 
lution behavior after the apparent interaction took place. 


Additional dissolution studies were then conducted with several al- 
ternate buffer systems. Figure 3 shows the results of dissolution studies 
with 500-mg ticrynafen tablets in 0.05 M potassium phosphate, sodium 
phosphate, and tromethamine buffers and simulated intestinal fluid 
without enzyme, respectively. It is apparent that the presence of potas- 
sium ions in the dissolution media had a significant effect on the disso- 
lution behavior of ticrynafen. 


Since ticrynafen is usually administered to patients on concomitant 
potassium therapy, experiments were conducted to determine what effect 


Table I-Summary of Blood Level and Urinarv Excretion Data 


Regimen 
Blood Level Percentages 


AUC Excreted 


Tablet 173.67 30.20 
Solution 170.16 30.49 
Tablet with 20 meq potassium 165.83 31.55 
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Figure 4-Effect of the addition of potassium and sodium ions on the 
dissolution behauior of 500-mg ticrynafen tablets in 0.05 M trometh- 
amine solution (O), 0.05 M tromethamine solution with 20 meq potas- 
sium added initially (X), 0.05 M tromethamine solution with 20 meq 
potassium added after 5 min (V), 0.05 M tromethamine solution with 
20 meq sodium added after 5 min (0). 


the addition of potassium to the tromethamine and sodium phosphate 
buffer solutions would have immediately and after 5 min on the disso- 
lution behavior of ticrynafen. Sodium ions were also added in a separate 
experiment. Figures 4 and 5 show the results of these studies. The data 
indicate that the addition of 20 meq of potassium has a significant effect 
on the dissolution behavior of ticrynafen and appears to be more pro- 
nounced when the potassium ions are added immediately. The addition 
of 20 meq of sodium has no apparent effect. 


To determine if this physicochemical phenomenon was reversible, 
dissolution studies were done in which 500-mg ticrynafen tablets were 
placed in 0.05 M potassium phosphate buffer. After 15 min the buffer 
solution was replaced carefully with 0.05 M tromethamine buffer solution 
and the dissolution test was continued for 1 hr. The results of these 
studies are shown in Fig. 6. It is apparent that this effect is not completely 
reversible. After changing the medium, dissolution did not proceed a t  
the rate observed in tromethamine buffer. Figure 6 also includes a dis- 
solution study in which the tablet was accidentally disturbed during the 
transfer of dissolution medium. This apparently created a fresh surface 
of drug which resulted in increased dissolution. In the case where the 
tablet was not disturbed the effect was less dramatic. However, in both 
cases the dissolution of the tablet after the exchange of media did not 
approach its dissolution in 0.05 M tromethamine buffer. 


Complexation Studies-Previous reports showed that organic acids 
can interact with their alkali salts to form soluble and insoluble complex 
species (3, 4). Since the presence of potassium ions in the dissolution 
media had such a dramatic effect on the dissolution behavior of ticrynafen 
it was thought that  complex formation might be responsible. Solubility 
studies were conducted to detect this interaction (Fig. 7). Initially, sol- 
ubility increased which suggested kn interaction had taken place. As more 
complex formed, the system became saturated with respect to the com- 
plex, and precipitated from solution. This is shown by the plateau region 
in Fig. 7. The pH of the system in this plateau region remained constant 
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Figure 5-Effect of  the addition o f  potassium and sodium ions on the 
dissolution behavior of ticrynafen tablets (500 mg) in  0.05 M sodium 
phosphatp solution (O),  0.05 M sodium phosphate solution with 20 meq 
potassium added after 5 min (A), 0.05 M sodium phosphate solution 
with 20 meq sodium added after 5 min (0). 


even with the continued addit.ion of potassium ticrynafen solution. Since 
the slope of the initial solubility curve is 2, a complex having a stoichi- 
ometry of 1:1 is formed. If no complex was formed this initial slope should 
be 1, since the appearance of ticrynafen in solution was followed spec- 
trophotometrically. 


Samples of the complex were isolated from t,he saturated solution and 
analyzed for potassium by atomic absorption spectroscopy. A potassium 
content of 4.54% was found, which compares favorably with the theo- 
retical potassium content of 4.5% calculated on the basis of a 1:l com- 
plex. 


The solubility increases at  4 . 0 1  M potassium ticrynafen concentration 
indicating that the complex is probably soluble in an excess of the po- 
tassium ticrynafen solution. This apparently explains the dissolution 
behavior. During the dissolution of ticrynafen in systems containing 
potassium ions, a conversion of the free acid to the potassium salt takes 
place. Apparently, under the conditions of the study, the complex forms 
a t  50 rpm more readily, creating an insoluble barrier which further retards 
dissolution. However, a t  100 rpm the conditions are such that the opti- 
mum concentration for the formation of the complex is exceeded rapidly, 
due to the rapid dissolution of the drug a t  this agitation intensity. 


Bioavailability Studies-Bioavailability studies were conducted to 
determine the effect of concomitant potassium therapy on the availability 
of ticrynafen from 500-mg ticrynafen tablets. A three-way cross-over 
study with a 1-week wash-out period between regimens was conducted 
in 12 normal, randomly selected adults. The following regimens were 
tested: ( a )  a 500-mg ticrynafen tablet, ( b )  a solution containing 500 mg 
of ticrynafen, (c) a 500-mg ticrynafen tablet, with 20 meq of potassium 
administered simultaneously (15 ml of a 10% potassium elixir). Blood 
samples were collected at 0.5, 1, 2,3,4,  6,8, 12, and 24 hr after the ad- 
ministered dose. Urine was collected for 24 hr before and 24 after dosing. 
Fractional urine collections after administration of the regimens were 
obtained at 0-4,4-6,8-12, and 12-24 hr. The concentration of ticrynafen 
in plasma and urine samples was determined by an automated high- 


408 I Journal of Pharmaceutical Sciences 
Vol. 71, No. 4, April 1982 







90- 


80- 


7 0 -  


ae 
2 60- 
3 
$ 
% 50- 
0 
z 
w 
U 
a 40- 


2 


2 > 
K 


I- 30- 


20 - 


? 


10 20 30 40 50 60 
MINUTES 


Figure 6-Effect of media exchange on t h e  dissolution behauior of t i -  
crynafen tablets (500 mg) i n  0.05 M tromethamine solution (.), 0.05 
M potassium phosphate  solution for 15 m i n  t h e n  replaced with 0.05 M 
tromethamine solution (u). 
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Figure 7-Effect of potassium ticrynafen on the equilibrium solubility 
of ticrynafen. 


1 ’  I I I I 1 I I Ic--, 
1 2 3 4 5 6 7 8  12 


HOURS 
Figure 8-Mean plasma ticrynafen leuels f SD after administration 
of 500-mg tablet (O), 500-mg solution (U), 500-mg a tablet wi th  20 meq 
potassium (A). 


pressure liquid chromatographic procedure (5). The extraction and 
analysis of plasma and urine were accomplished in a completely auto- 
mated fashion using an automatic HPLC system4. Figure 8 illustrates 
the blood level profiles obtained for the various dosage regimens. The 
area under the blood level curves and the urinary excretion were used as 
a measure of bioavailahility (Table 1). There were no statistically sig- 
nificant differences between the regimen means for the area under the 
blood level curves or the percentage excreted in the urine when a t test 
was applied at  the 95% confidence interval. Thus, the concomitant use 
of potassium supplements should not affect the bioavailability of ticry- 
nafen in clinical use. 
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Abstract The theory of the potentiometric method for studying 
complexes of ionizable substrates was developed, and graphical tech- 
niques are described for obtaining stability constant estimations from 
the data. The method described is for a system in which the conjugate 
acid and base forms of the substrate (S) are capable of forming 1:l (SL) 
and 1:2 (SL:!) complexes with the ligand (L). It was applied to complexes 
of a-cyclodextrin (cyclohexaamylose) with 10 para-substituted benzoic 
acid derivatives. Letting Klla and K1za be stability constants for the 
conjugate acid forms of the substrates, and Kllb, Kl2b for the conjugate 
base forms, it was found that K12b is zero for all substrates, K1za is zero 
for seven of the substrates, and Klla > Kllb in every case. Hammett plots 
yielded p l l a  and P l l b  values of -0.31 and 0.77, respectively, which was 
interpreted to mean that Klla mainly represents binding at  the carboxylic 
acid site, and Kllb describes binding at  the site of the para-substituent. 
This model of the complexing suggests that K1za represents binding at  
the para-substituent, and therefore K1za should vary roughly with sub- 
stituent as Kllb does; this trend was observed. 


Keyphrases Complexation-potentiometric study, a-cyclodextrins 
with para-substituted benzoic acids 0 Stability constants-a-cyclo- 
dextrins with para-substituted benzoic acids, potentiometric studies 
a-Cyclodextrins-complexes with para -substituted benzoic acids, po- 
tentiometric study 


If the conjugate acid and base forms of a weak acid-base 
substrate form cyclodextrin (also called cycloamylose) 
complexes of different strengths, then addition of cyclo- 
dextrin to a solution of the substrate will result in a pH 
change. Cramer et al. (1) reported a change in the apparent 
dissociation constant of p-nitrophenol in the presence of 
a-cyclodextrin (cyclohexaamylose). A method was de- 
scribed previously based on the measurement of apparent 
dissociation constants as a function of cyclodextrin con- 
centration in order to extract complex stability constants 
for both the conjugate acid and base forms of the substrate, 
assuming 1:l stoichiometry (2). Miyaji et al. (3) developed 
a similar technique. A potentiometric method for 1:l and 
1:2 stoichiometric systems was also described (4,5).  


Evidence is accumulating (5-7) that in a-cyclodextrin 
systems both 1:l and 1:2 complexes must be considered 
when measuring complex stability constants1. The po- 
tentiometric method offers a rapid and convenient ex- 
perimental approach to this problem for ionizable sub- 
strates. The present report describes the theory of the 
method, and examines new graphical techniques for 
evaluating the stability constants. These techniques are 
applied to the study of complexing between a-cyclodextrin 
and a series of p-substituted benzoic acids. 


THEORY 


For 1:l and 1:2 stoichiometry, there are four complexation equilibria: 
Let L represent cyclodextrin and HA a neutral weak acid substrate. 


~ 


* The weak acid-base is the substrate (S ) ,  a-cyclodextrin IS the ligand (L),  and 
stoichiometric relationshim are exmessed in the form SL and SL7. these comdexes 


HA + L z HAL 
Scheme I 


A- + L + AL- 
Scheme I1 


Scheme 111 
AL- t L F! AL2- 


Scheme IV 


HAL t L F! HAL:! 


These equilibria have corresponding stability constants: 


where brackets signify molar concentrations, and activity coefficients 
are assumed to  be constant. Thus, the stability constants may be inter- 
preted as thermodynamic quantities with the experimental solvent as 
the reference state. 


There are three acid-base equilibria in this system: 


H A e H + + A -  
Scheme V 


HAL z H+ t AL- 
Scheme VI 


HAL2 H+ + AL2- 
Scheme Vl l  


They have the acid-base dissociation constants: 


From Eqs. 1-7 these relationships are found: 


KllaKall = KaKllb (Eq. 8) 


K12aKa12 = KollK12b (Eq. 9) 
Letting St and Lt be the total molar concentrations of substrate and 


ligand, respectively, the mass-balance equations are: 


St = [HA] + [A-] + [HAL] + [AL-] + [HAL21 + [AL:!-] 


Lt = [L] + [HAL] + [AL-] + S[HALz] + 2[AL:!-] 


(Eq. 10) 


(Eq. 11) 
For later convenience the quantities A, B, M, and, N are defined: 


A = 1 + K11a[Ll + KII~KI:!R[LI~ 0%. 12) 


B = 1 Kiib[L] + KiibKi~b[L]~ (Es. 13) 


M = KI~R[L] + 2KllaKl2a[Ll2 (Eq. 14) 


N = Kllb[L] t 2KiibKi26[Ll2 (Eq. 15) having 1:l and 1 2  stoichkmetry,-respectively. 


0022-35491 821 0200-02 17$0 1.00/ 0 
@ 1982. American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 217 
Vol. 71, No. 2. February 1982 







Algebraic combination leads to: 


(Eq. 17) 


Eliminating [HA] from Eqs. 16 and 17 gives a general relationship 
between [L] and Lt: 


(Eq. 18) 


The electroneutrality equation for this system is: 


“a+] + [H+] = [OH-] + [A-] + [AL-] + [AL2-] (Eq. 19) 


where it is supposed that sodium is the counterion to the substrate. 
Combining Eq. 19 with the preceding expressions gives: 


(Eq. 20) St BKa “a+] + [H+] - [OH-] = 
A[H+] + BK, 


The quantity “a+]/& is the analytical fraction of substrate in the 
conjugate base form. Equation 20 is the general equation relating hy- 
drogen-ion concentration to free ligand concentration [L]. By means of 
Eqs. 18 and 20, [H+] is related to total ligand concentration Lt. In these 
equations, “a+], S,, and Lt are independent variables; [H+] and [L] are 
dependent variables. 


Equation 20 can be cast in a more useful form. If “a+] >> ([H’] - 
[OH-]), then Eq. 20 becomes: 


S,BKa “a+] = 
A[H+] + BK, 


For a solution in which Lt is 0, it follows that [L] = 0, A = 1, B = 1, and 
Eq. 21 becomes: 


A series of measurements of [H+] as a function of L, is made a t  constant 
St and “a+]; hence “a+] = [Na+]o, and these equations give: 


Defining a quantity ApH = pH - pHo: 


ApH = log C 


(Eq. 23) 


(Eq. 24) 


Equation 24 describes the change in the solution pH as a function of 
free ligand concentration for fixed [Na+]/St. If “a+]/& = V2, then the 
pH can be interpreted as pKa’ (apparent dissociation constant), and Eq. 
24 becomes ApKa’ = log C, or: 


which is the equation used previously (5) to interpret the cinnamic 
acid-a-cyclodextrin system. This derivation shows the level of approx- 
imation involved in interpreting ApH as ApKa’. 


More generally, the exact Eq. 20 must be used. Defining the operational 
dissociation constant Kb by Eq. 26: 


0%. 26) 
K‘ = [H+]([Na+] + [H+] - [OH-]) 


St - (“a+] + [H+] - [OH-]) ’ 


Substitution into Eq. 26 from Eq. 20 leads to K J K ,  = A/B = C, or 
ApKa’ = log C. That is, Eq. 25 is general, provided the dissociation con- 
stants are evaluated by Eq. 26, which takes into account solvent disso- 
ciation. An important feature of this equation is that  C is a ratio of 
polynomials. If ApK,= 0 a t  all L,, then K l l ,  = K l l b  and KIZ. = K 1 z b .  


On rhemical grounds, and also by means of Eq. 18, it can be seen that 
the limits of [L] are [L] = Lt and [L] = L, - 2St .  In the potentiometric 
method, St  must be appreciable in order to provide buffer capacity; hence 
it is seldom permissible to set [L] = Lt , as may often be done in other 
experimental techniques (such as spectroscopy). 


One approach to obtaining the stability constants is to treat them as 
adjustable parameters, and to curve-fit the data using Eqs. 18 and 25. 
Although it is possible to achieve good fit to the experimental points (2, 
8), it was observed that an apparently infinite number of satisfactory 
solutions can be obtained in this way (8). Therefore, the curve-fitting 
approach was abandoned, and graphical techniques leading to unique 
solutions have been developed. 


General Evaluation of Stability Constants-The experimental data 
consist of ApKa’ values measured as a function of Lt , a t  constant St and 
reaction conditions. Since ApKa’ = log C, the quantity C is available. This 
is related to the stability constants by: 


The problem is to evaluate the stability constants from these data. 
Considerable experience with such systems has shown that it is seldom 
necessary to invoke all four constants, and some important special cases 
of Eq. 27 suffice to account for most of these systems. These cases are 
treated in the following section. 


To find the stability constants, Eq. 18 must be solved for [L], but this 
requires the stability constants. The following approach is effective. In 
this work, the ratio [Na+]/S, = 1/2, so [H+] = Kh, to a level of accuracy 
acceptable for the present purpose. Since C = K,/K,, this gives [H+] = 
K,/C. Substitution into Eq. 18 gives: 


The value of [L] is estimated by combining Eq. 28 with the appropriate 
special case of Eq. 27. In this development the quantity C is incorporated 
into the expression for [L] to the greatest extent possible. This has two 
advantages: first, since the stability constants are needed in the calcu- 
lation, their introduction in the form of experimental C values ensures 
that the correct values are being used; and second, the solution of the 
equation for [L] is usually simplified, since much of the algebraic com- 
plexity is possessed by the numerical C values. The particular equations 
for [L] will be given when the special cases are discussed. 


The general approach is to make a plot of C uersus Lt. From the shape 
of this curve, the system is tentatively assigned to one of the special cases. 
The free ligand concentration [L] is calculated, and stability constants 
are evaluated from the appropriate linear plot. Iterations are carried out 
until the stability constants are essentially unchanged. 


The following treatment considers systems in which C is greater than 
unity. If C is less than unity, it is convenient to work with its reciprocal, 
C’ = 1/C. Then all of the equations are applicable with the subscripts a 
and b interchanged. 


Special Cases-case I: Klze = 0, K12b = 0-Equation 27 becomes: 


A plot of C uersus [L] or Lt will approach a limiting value a t  high ligand 
concentration. Diagnosis of Case I behavior is tentative because Eq. 27 
also results in this type of curve. 


The ligand concentration is calculated with: 


st [L] = Lt - - x + l  
where: 


(C + 1)(R - C) 
(C - 1)(R + C) 


X =  


(Eq. 30) 


and R = K l d K l l b .  The parameter R is estimated by extrapolating a plot 
of log C uersus l /L t  to l/Lt = 0, since C approaches R as Lt approaches 
infinity. A plot is then made according to: 


c -1  
(Eq. 32) -- - K l l o  - CKllb 


which is obtained from Eq. 29. The constants Klla  and Kllb are obtained 
from this plot, which will be linear for a Case I system. The calculated 
R is compared with the initial estimate; if they differ significantly, the 
process is repeated. 


[LI 


Case 11 Kllb = 0, K12a = 0, K12b = 0-From Eq. 27: 


c = 1 + K11,[L] (Eq. 33) 


where C is a linear function of ligand concentration. Of course, any system 
will approach linearity a t  sufficiently low ligand concentration, so Lt must 
be made large enough to determine if curvature exists. The free ligand 
concentration is obtained with Eq. 34. 


(Eq. 34) 
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Table I-Stability Constants for  a-Cyclodextrin Complexes of para-Substi tuted Benzoic Acids at 25" 


Klla/M-l Kiib/M-l KizaIM-' 
NiimhPr ITa Xb f S D  f S D  &SD 


~ _ _ _ _  


1 -0.84 
2 -0.66 
3 -0.37 
4 -0.27 
5 -0.17 
6 0.00 
7 0.06 
8 0.50 
9 0.66 


10 0.78 


NHCH3 1301 (15.9) 6.1 (0.26) -0.010 (0.14) 
1341 (11.1) 9.0 (0.22) -0.024 (0.10) 


OH 1130 (7.7) 16.6 (0.23) -0.048 (0.063) 
NHz 


884 (5.1) 3.5 (0.10) 0.0064 (0.067) 
1091 (7.4) 6.6 (0.14) 0.0026 (0.071) 


OCHS 


722 (9.7) 11.2 (0.35) -0.0047 (0.13) 
CH3 
H 


14.2 (0.26) 0.020 (0.081) F 504 (4.4) 
CH3CO 899 (45.0) 60.3 (11.7) 28.8 (1.63) 
CN 471 (7.5) 79.2 (4.6) 25.0 (0.47) 


20.2 (1.14) NOz 350 (16.2) 81.0 (9.3) 


a Hammett substituent constant. * X in X-C~H~-COOH. 


The plot of C uersus L, will reveal curvature that is concave upward; 
[L] is calculated with: 


(Eq. 36) 


The linear form of Eq. 35 is: 


Case IV: KlZb = 0-Equation 27 becomes: 


(Eq. 38) 


The plot of C uersus Lt will approach a linear segment of positive slope 


C = R t RKlza [L] (Eq. 39) 


where R = K1la/K1Lb. This gives part of the desired information. The 
concentration [L] is given by: 


a t  high Lt. The equation of this line is: 


kt - -1 = 0 (Eq. 40) 


Several methods have been devised to extract the stability constants. 
It is a general result from Eq. 27 that: 


dC - B M - A N  
d[Ll- B2[L] 


Thus the slope at  [L] = 0 is equal to Klla - Kllb. This result, together 
with the value of R from Eq. 39, gives the stability constants. Another 
method constructs, on the C uersus [L] plot, lines such that the quantity 
[L]x is found as the value of [L] when C = R. Then it is easily shown 
that: 


(Eq. 42) 


However, both of these approaches rely on data at very low [L], and 
it is in this region that the relative error in [L] is the greatest. A better 
procedure is to measure Kllb by a different, independent, experimental 
method, such as spectroscopy. This will usually be straightforward, the 
Case IV diagnosis having shown that KlZb = 0. The linear plot according 
to Eq. 43 is made: 


(Eq. 43) 


This plot is also useful for confirming Case I systems, which should yield 
a slope equal to zero. 


EXPERIMENTAL 


Materials-a-Cyclodextrin2 was dried a t  95" for 48 hr. A sample of 
a-cyclodextrin recrystallized from water and dried under reduced pres- 
sure over phosphorus pentoxide for 12 hr  (9) gave identical results. The 
benzoic acids3 were recrystallized until their melting points agreed with 
literature values. Water was redistilled from alkaline permanganate. 


Lot 29C-0425, Sigma Chemical Co. 
3 Aldrich Chemical Co. and Eastman Organic Chemicals. 


Procedures-Potentiornetric Studies-A stock solution of the sub- 
strate was prepared such that its final diluted concentration would be 
0.003-0.004 M, and the substrate was half-neutralized with 0.10 M 
NaOH. It was filled to the mark with 0.10 M NaCI. 


a-Cyclodextrin was weighed into 5-ml volumetric flasks in amounts 
to cover its full solubility range. Portions of the substrate stock solution 
(4.0-ml) were pipetted into each flask, and the solutions were brought 
to volume with 0.10 M NaCI. They were equilibrated at 25.0'; to ensure 
adequate mixing, a 10-mm stirring bar was added and driven by a sub- 
merged water-driven magnetic stirrer. The solution was transferred to 
a 5-ml test tube and the combination pH electrode was lowered into the 
solution (which was protected from contact with the atmosphere). The 
pH was measured* and pKa' was calculated according to Eq. 26. Repro- 
ducibility on duplicate solutions was 0.003 pH units or better. All studies 
were a t  25.0° and ionic strength was 0.10 M. 


Substrates with ionizable para-substituents (compounds 1-3 in Table 
I) have pKa values separated sufficiently (10-12) that the measurement 
of pKa' for the carboxylic acid group leaves the para-substituent in its 
nonionized state. 


Variation of St by a factor of 2 resulted in no significant variation in 
the stability constants. 


Spectrophotometric Studies-For Case IV systems, Kllb was mea- 
sured spectrophotometrically5. The substrate was dissolved in pH 9.18 
tromethamine buffer, ionic strength 0.10 M; St was 5.G8.4 X M. The 
data were analyzed by the double-reciprocal linear form with a weighted 
least-squares treatment (13). The wavelengths of observation were: for 
CH3CO-C6H&OOH, 253 nm; NC-CGH~COOH, 231 and 237 nm; and 
OzN-C6H.&OOH, 265 and 315 nm. Values of K l l b  were not wavelength 
dependent. 


RESULTS 


This potentiometric method was applied to 10 benzoic acid derivatives. 
All of these compounds gave positive ApKa' values and hence C values 
greater than unity, apparently a general result for carboxylic acids (2). 
These systems could be described as Case I or Case IV systems6. 


Figure 1 shows the plot of C uersus Lt for p-hydroxybenzoic acid, a 
typical Case 1 system, and Fig. 2 is the corresponding linear plot according 
to Eq. 32. Figure 3 shows p-cyanobenzoic acid, a Case IV system, and Fig. 
4 is the linear plot according to Eq. 43. Usually two iterations sufficed 
to yield final estimates of the stability constants. 


Table I shows the stability constants evaluated in this way. For all of 
these systems, KlZb is zero by definition, since they can be adequately 
described by Cases I or IV. For Case I systems, K1% is zero. However, this 
assignment can be tested by treating a Case I system as if it were Case 
IV, making the plot according to Eq. 43. The values of K1za in Table I 
were evaluated in this way. For compounds 1-7, K1za is clearly not sig- 
nificantly different from zero, whereas substrates 8-10 possess very sig- 
nificant K1zo values. For Case I systems, the relative standard deviation 
of K11, ranges from 0.6-1.3%, and of Kllb from 1.4-4.3%. The precision 
of Case IV systems is poorer, as seems reasonable, since these are three- 
parameter systems. 


DISCUSSION 


The Potentiometric Method-For complexing systems in which the 


Orion 701A pH meter equipped with a Sargent-Welch S30072-15 electrode. 
5 Perkin-Elmer model 559 spectrophotometer. 
6 Phenols and amines give negative ApK, values. Some amines have been found 


to be Case I1 and Case 111 systems. 
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Figure 1-Plot of C versus Lt for the p-hydrozybenzoic acid-a-cyclo- 
dextrin system. 


full four-parameter equation (Eq. 27) is not required, this potentiometric 
method with graphical treatment of the data is simple, rapid, and effec- 
tive. Because of the linear graphing forms, the usual least-squares sta- 
tistical treatment is appropriate. The error in the abscissa is much smaller 
than that in the ordinate, as is required by the conventional treatment. 
The great sensitivity of the quantity (C - I)/[L] a t  low [L] values made 
it necessary to reject some data points a t  very low [L] in the plots ac- 
cording to Eqs. 32 and 43. At least 10 points were used in every plot. 


The assumption that activity coefficients are constant as Lt changes 
is fundamental to the interpretation of potentiometric data in terms of 
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Figure 2-Plot of Eq. 32for the p-hydroxybenzoic acid-a-cyclodextrin 
system. 


Table 11-Comparison of Stability Constants for the Benzoic 
Acid-a-Cyclodextrin System 


Method Kiln Kllb Ref. 


Competitive spectrophotometry 1050 - 14 
Kinetics - 12.3 15 


16 Thermometry 1000 - 


Potentiometry 1400 38 2 
PMR 233; 800 9.8 17 
Potentiometry 751 10.5 4 


18 Solubility 500 - 


18 UV spectrophotometry 660 - 


Competitive spectrophotometry - 13, 19 
Potentiometry 722 11.2 This work 


At 25'; ionic strengths differ. 


1:l and 1:2 complex formation. I t  is conceivable that the observation of 
finite 1:2 stability constants represents a measurement of changing ac- 
tivity coefficients rather than actual 1:2 complexation. Gelb et al. (4) 
described evidence that ionic activity coefficients are not changed as a 
consequence of changes in cyclodextrin concentration. That K1Za for 
several acids was found to be negligible (Table I) suggests further that 
activity coefficient changes are not responsible for the observed 1:2 sta- 
bility constants. Nevertheless, the role of cyclodextrin in modifying the 
properties of the solvent cannot be overlooked as a possible complicating 
factor in such studies. 


Several studies of the benzoic acid-a-cyclodextrin system were de- 
scribed earlier and are listed chronologically in Table 11. The earliest 
potentiometric result (2) was obtained by curve-fitting, and is now re- 
jected. I t  is evident that the method proposed in the present paper is 
capable of generating stability constants consistent with those obtained 
by other techniques and in other laboratories. 


An advantage of potentiometry is that it yields information about the 
complexing of both the conjugate acid and base forms of the substrate. 
A limitation is that it can serve as an independent method only when the 
system includes two (or fewer) complex equilibria, i.e., when the equation 
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Figure 3-Plot of C versus Lt for the 4-cyanobenzoic acid-a-cyclo- 
dextrin system. 
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Figure I-Plot of Eq. 43 for the 4-cyanobenzoic acid-a-cyclodertrin 
system. 


has two parameters. For the three-parameter Case IV system, i t  was 
judged necessary to make use of a separate experimental determination 
of one of the parameters. This combination of several techniques is es- 
sential if the equation has four parameters, as in the cinnamic acid system 
(5). 


Interpretation of Stability Constants-An earlier report (20) in- 
troduced a model of cyclodextrin complex formation helpful in inter- 
preting the present data. The substrate (guest) is symbolized g-G, the 
lower and upper case letters signifying two binding sites; the cyclodextrin 
(host) is represented h-H because the two rims of the cavity are chemi- 
cally different. I t  was shown that it is possible for four 1:1, four 21 ,  and 
four 1:2 complexes to be present in a system. However, if there are no 2 1  
complexes present, it is a reasonable inference that only one end (e.g., 
H)  of the host can be entered. I t  follows that there can be only two 1:l 
complexes (gH and GH) and one 1:2 complex. The 1:2 complex is formed 
by the addition of a host molecule to either of the 1:l complexes. 


The observed K I 1  value for the system is the sum of the stability con- 
stants for the isomeric 1:l  complexes, hence: 


K I I  = K ~ H  -t KGn (Eq. 44) 


The 1:2 complex can be formed uia the gH or the GH route: 
K' 


gH + h-H GHHg 


Scheme VII l  


GH + h-H $GHHg 


Scheme I X  


K" 


The observed 1:2 stability constant is given by (20): 
K'K" 


K1z = 


I t  is also seen that: 


(Eq. 45) 


Writing K' = ~ K G H ,  with Eq. 46, it follows that K" = ~ K , H .  Combi- 
nation with Eq. 45 gives: 


(Eq. 47) 


The factor a is a measure of the extent of interaction between the two 
sites in a 1:2 complex. If the two binding sites are independent, a = 1 and 


QK,HKGH 
K g ~  + K G H  


K12 = 
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Figure 5-Harnmett plots of KII .  (0) and K l l b  (0) data from Table 
I. 


the isomeric stability constants K g ~  and K G H  can be evaluated with Eqs. 
44 and 47. For the para-substituted benzoic acids i t  seems improbable 
that the sites are independent because of their proximity (the two sites 
being the X-end and the COOH-end of the molecule). Nevertheless, the 
model is useful in describing the nature of K11 and Kl2,  since it shows that 
K 12 is actually a constant for the formation of a 1:l complex from an al- 
ready formed 1:l complex. The model leads to interpretations in terms 
of binding sites. 


Figure 5 is a Hammett plot of the K l l a  and Kllb  data in Table I. The 
obvious result is that  these quantities vary with substituent constant in 
opposite ways. The slopes (rho values) are -0.31 (0.07 SD) for K l l a  and 
+0.77 (0.17 S D )  for K l l b .  Casu and Rave (14) studied K11. for some of 
these acids; their constants are significantly different from those in Table 
I, but the general behavior is the same, namely that rho is negative. 
Electron-withdrawing X groups decrease complex stability in the con- 
jugate acid series. 


This behavior is explicable if K11, primarily represents binding a t  the 
COOH-end of the substrate molecule. The binding interaction will be 
increased by an increase in electron density a t  the binding site, and will 
be associated with a negative rho value. This hypothesis is supported by 
PMR data on benzoic acid (17), which indicate that the carboxyl group 
enters the cavity. 


The value of Kllb  is always smaller than K l l a  for the same substrate. 
This also is consistent with the view that Kilo represents mainly 
COOH-site binding. Upoq ionization of this group, its affinity for the 
cavity will be greatly decreased because of the high polarity of COO- and 
the nonpolarity (relative to the solvent) of the cavity. Therefore K l l b  
represents binding a t  the remaining site, namely X. Thus the more 
electron-withdrawing the X group, the larger is Kllb.  Since Kllb describes 
X-site binding, the correlation with u for X is not expected to be as precise 
as when the substituent is distant from the reaction site. 


If K l l a  describes COOH-site binding (mainly), then K1zo must rep- 
resent mainly binding a t  the X-site. Therefore, this model predicts that  
Klza should respond to X-substituent effects the same way that Kllb  
does, since they describe roughly the same process. Table I shows that 
this is indeed the case, in a general way; both Kllb  and K1za tend to in- 
crease together, and to tend in the opposite sense to K1la along the u 
scale. 


The Hammett plot suggests that if a substituent with sufficiently large 
u were available, Kllb  would become larger than K11,. This might not 
result in ApKa' becoming negative, however, because Kl2. will also in- 
crease. 


These correlations clearly show trends rather than highly precise re- 
lationships, and factors other than electronic density must play a role. 
For example, K l l b  for substrates 1-3 seems anomalously high. These are 
the only X groups capable of functioning as hydrogen-bond donors, and 
this capability may increase complex stability. The trend in K120 for 
compounds 8-10 appears to oppose that for K116, and this may be the 
result of some additional factor, which could be size, shape, polarity, or 
polarizability. In fact, K1za for these substrates seems to be a resultant 
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of the electronic density effect measured by CT, and the X-site polarity 
as measured by group dipole moments. These moments are, for X = 
COCH3,3.00 D; CN, 4.39; and NOz, 4.21 (21). An increase in site polarity 
will tend to decrease the site binding constant (20), and both Kllb and 
K1za may reflect this effect superimposed on the electron density ef- 
fect. 


This model of complexing suggests that Klz values are especially useful, 
leading to the question: Why is Klz ever equal to zero (for a two-site 
substrate)? According to Eq. 47, Klz can be zero only if a = 0 or if one of 
the site binding constants ( K g ~  or K G H )  is zero. This leads to the fol- 
lowing argument. If the given site assignments are correct, Klzb represents 
binding a t  the COO- site (since Kllb mainly describes X-site binding), 
and it was found that Klzb = 0 for all substrates. The existence of finite 
K1za values (substrates 8-10) means that a is finite for these acid sub- 
strates, and suggests that  it will also be finite in the corresponding base 
substrates. It follows that K12b is zero as a consequenceof the site binding 
constant for coo- being zero. Letting KgHb represent this quantity, and 
KGHb the site binding constant for the X-site in the conjugate base series, 
it follows that: 


Kllb = KgHb KGHb = KGHb (Eq. 48) 


i.e., Kllb can be identified solely with the binding a t  site X. 
Extension to the acid series requires the assumption that K G H b  for 


binding to X in the base series is identical with K G H ~  for binding to X 
in the acid series. If approximately so, then K I I ,  = KgHa + K G H ~  = KgHo 
+ KGHb = K g ~ a  i- Kllb, and the site binding constant K g ~ a  for the 
COOH site is given approximately by K11, - Kllb. 


With these estimates Of KgHa ( K I I ,  - Kllb) and KGHa (Kllb), Eq. 47 
leads to estimates of a for these substrates, since: 


For compound number 8, a = 0.51; number 9, a = 0.38; and number 
10, a = 0.33. Because of the several approximations, these calculations 
are unlikely to be accurate, but they are reasonable in magnitude. The 
interpretation of complex stability data in terms of this model and Eqs. 
44 and 47 seems to be a potentially useful means for describing, under- 
standing, and perhaps predicting complex formation behavior. 
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Abstract n Methods are presented for the separation of tetracycline, 
tetracycline analogs, and their potential impurities by reversed-phase 
ion-pair chromatography. The mobile phase consisted of a phosphate 
buffer with tripropylamine or N,N-dimethyloctylamine as counterions 
and acetonitrile as the organic modifier. The chromatographic properties 
of the tetracyclines were significantly improved by addition of the tertiary 
amines. The best result was obtained with N,N-dimethyloctylamine as 
the counterion, which gave good separation efficiency and peak symmetry 
for most of the substances studied. Addition of the tertiary amines to the 
mobile phase also significantly affected the capacity factors of the tet- 
racyclines. Stability studies of the tetracyclines showed a fast degradation 


~~ ~ 


of chlortetracycline to isochlortetracycline and of lymecycline to tetra- 
cycline in phosphate buffer solutions of different pH. The purity of 
pharmaceutical preparations of tetracyclines was also investigated. 


Keyphrases Tetracycline-potential impurities of the drug and its 
analogs, reversed-phase ion-pair chromatography High-performance 
liquid chromatography-tetracycline, tetracycline analogs, and their 
potential impurities 0 Counterions-N,N-dimethyloctylamine, tri- 
propylamine, in reversed-phase ion-pair chromatography of tetracycline, 
tetracycline analogs, and their possible impurities 


The most important impurities in tetracycline and tet- 
racycline analogs are the epimerized, dehydrated, and 
epimerized dehydrated forms of the tetracyclines. Thus, 
quatrimycin (epitetracycline), anhydrotetracycline, and 
epianhydrotetracycline are the most frequently found 
impurities in tetracycline. Epianhydrotetracycline has 
been reported to be toxic in humans, but the exact safety 


level in pharmaceutical preparations is not known. Per- 
mitted concentrations of epianhydrotetracycline and other 
impurities are fixed by the European Pharmacopoeia. 


BACKGROUND 


Various chromatographic techniques, such as TLC (1 ,2)  and paper 
chromatography (3), have been used to analyze tetracycline, but they are 
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The quantitation of each of the equine estrogens separated in this 
fashion was accomplished by using the relative response ratios of each 
estrogen as compared to the internal standard, ethinyl estradiol. For such 
determinations, the response ratio and linearity of response were de- 
termined by injection of six aliquots of each individual steroid at  levels 
bracketing the anticipated quantity in the mixture with a constant 
amount of internal standard. For all such measurements, the correlation 
between peak area ratios and concentrations was 0.998 or better. 


Extraction of the water soluble sodium sulfate salts of the equine es- 
trogens required the addition of sodium chloride to suppress emulsion 
formation. The methylene chloride extraction effectively removed lipid 
soluble formulation excipients as evidenced by a chromatogram that was 
essentially devoid of extraneous peaks other than those of the equine 
estrogens. Subsequent hydrolysis of the sulfate conjugates with 2000 U 
of sulfatase enzyme had earlier been reported (5) as sufficient for hy- 
drolysis of 1 mg of the conjugates, even in the presence of small amounts 
of phosphates. 


The quantitative assay data obtained from the analysis of two aliquots 
of a vaginal cream formulation is given in Table I. The quantities of es- 
trone and equilin are within the limits specified for conjugated estrogens 
in the United States Pharmacopeia (3). The total potency determined 
indicates that the product was 99.9% of labeled claim. 


In summary, this method represents the first quantitative procedure 


for the total analysis of the steroid composition in an estrogen vaginal 
cream formulation. 
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Abstract The stability of benzoyl peroxide in polyethylene glycol 
ointment base and some liquid vehicles (acetone, ethanol, propylene 
glycol, and their mixtures) was studied. Some solutions also contained 
an additional ingredient (acetanilide, benzoic acid, chlorhydroxyqui- 
noline, and hydroxyquinoline) as a possible stabilizer. Benzoyl peroxide 
decomposed very fast (first-order K value 0.028 day-’ a t  24’) in poly- 
ethylene glycol ointment base. At 50°, the potency of benzoyl peroxide 
in polyethylene glycol ointment base decreased to <I% in 5 days. De- 
composition in solutions is complex. Considering acetone as a standard 
vehicle, ethanol improved the stability of benzoyl peroxide and propylene 
glycol had an adverse effect on the stability. Of the stabilizers studied, 
only chlorhydroxyquinoline improved the stability. 


Keyphrases 0 Benzoyl peroxide-stability, effect of some formulation 
adjuncts Formulations-benzoyl peroxide, effect of some formulation 
adjuncts on stability 0 Keratolytics-benzoyl peroxide, effects of some 
formulation adjuncts on stability 


Benzoyl peroxide formulations are used extensively for 
the treatment of acne; however the literature on the sta- 
bility of benzoyl peroxide is scarce. Gruber et al. (1) 
studied the stability of some commercial lotions containing 
I but the formulations’ excipients were not reported. 
According to that report, benzoyl peroxide usually de- 
composes to benzoic acid and carbon dioxide. 


The stability of benzoyl peroxide in pharmaceutical gels 
was reported’by Bollinger et al. (2). These authors rec- 
ommended the use of sodium hydroxide over triethano- 
lamine as a neutralizing agent. Moreover, gels containing 
some acetone were reported to be very stable (even at 
higher temperature) uersus ethanol which had an adverse 
effect on the stability of benzoyl peroxide. These studies 
used a selective titrimetric analysis method (3). 


A stability-indicating assay method using high-pressure 
liquid chromatography (HPLC) was reported recently (4). 
The report questioned the accuracy of the titrimetric 
method (3) which is also official in the USP (5). The latest 
USP-NF edition (6) recommends the same titrimetric 
method of analysis for both hydrous benzoyl peroxide and 
its lotion. 


The purpose of these investigations was to study the 
effect of some formulation adjuncts, polyethylene glycol 
ointment USP (7), some liquid vehicles, and some possible 
stabilizers, on the stability of benzoyl peroxide. 


EXPERIMENTAL 
Chemicals and Reagents-All the chemicals and reagents were either 


USP, NF, or ACS grade and were used without further purification. 
Benzoyl peroxide granules’ and hydrous benzoyl peroxide granules2 were 
used as received. 


Apparatus-The HPLC3 was equipped with a multiple wavelength 
detector4, a recorder5, and a digital integrator6. 


Column-A nonpolar column7 (30 cm X 4-cm id.) was used. 
Chromatographic Conditions-The mobile phase contained 60% 


(v/v) of acetonitrile and 0.870 (v/v) of glacial acetic acid in water. The flow 
rate was 2.5 ml/min and the temperature was ambient. The sensitivity 
was set at  0.04 (254 nm) and the chart speed was 30.5 cm/hr. 


Preparation of Ointments for Stability Studies-A 2.0% (w/w) 


Aldrich Chemical Co., Milwaukee, Wis. 
Pennwalt Corp., Buffalo, N.Y.; generously supplied by Alcon Laboratories, Fort 


Model ALC 202 equipped with a U6K universal injector, Waters Associates, 


Spectroflow monitor SF770, Schoeffel Instrument Corp., Westwood, N.J. 
Omniscribe.5213-12. Houston Instruments. Austin. Texas. 


Worth, Texas. 


Milford, Mass. 


Autolab minigrator,’Spectra-Physics, Santa Clara, ‘Calif. 
SBondapak Cl* (catalog no. 27324), Waters Assoc., Milford, Mass. 


0022-3549f 82l0500-0585$0 1.0010 
@ 1982, American Pharmaceutical Association 


Journal of Pharmaceutical Sciences I 585 
Vol. 71, No. 5, May 1982 







Table I-Solutions Prepared For  Stability Studies 


Solu- Concentra- 
tion tion of 


Num- Benzoyl Vehicle, 
ber Peroxide % v/v Other Ingredient 


1 0.1 
2 0.1 


3 0.1 


4 0.1 


5 0.1 


6 0.1 


7 0.1 


8 0.1 


9 0.1 


10 0.1 


11 0.1 


12 1 .o 


13 1.0 


14 1.0 


Acetone 
Acetone 75 
Ethanol 25 
Acetone 50 
Ethanol 50 
Acetone 25 
Ethanol 75 
Acetone 75 
Propylene 


glycol 25 
Acetone 50 
Propylene 


glycol 50 
Acetone 25 
Propylene 


Acetone 50 


Ethanol 50 
Acetone 25 


Propylene 
glycol 75 


Acetone 25 
Propylene 


glycol 75 
Acetone 25 


Propylene 
glycol 75 


Acetone 50 
Propylene 


glycol 50 
Acetone 50 


Propylene 
glycol 50 


Acetone 50 


Propylene 
glycol 50 


glycol 75 
0.01% of 8-hydroxy- 


0.01% of 8-hydroxy- 


quinoline 


quinoline 


0.01% of acetanilide 


0.01% of benzoic 
acid 


0.1% of 8-hydroxyquino- 
line sulfate 


0.1% of 5-chloro-8- 
hydroxyquinoline 


benzoyl peroxide ointment was prepared by mixing 612.0 mg of benzoyl 
peroxide granules with 6 ml of acetone and then incorporating this mix- 
ture with enough polyethylene glycol ointment USP (7) to make 30 g of 
ointment. Separate lots of ointments containing 0.01% (w/w) of acetan- 
ilide or benzoic acid in addition to 2% (w/w) of benzoyl peroxide were also 
prepared. After the initial assays, the ointments were divided into two 
portions and transferred to 30-g opal ointment jars8. One portion was 
stored a t  50"; the other portion a t  room temperature (24"). 


Preparation of Solutions for  Stability Studies-Solutions con- 
taining 0.1% of benzoyl peroxide in various vehicles (acetone, ethanol, 
propylene glycol, or mixtures of two) were prepared using a simple so- 
lution method. Benzoyl peroxide granules were always dissolved in ace- 
tone. Some of the solutions also contained an additional ingredient (Table 
I). After the initial assays, the solutions were transferred to amber-col- 
ored, 120-ml glass bottles8 and stored a t  24'. 


Another set of solutions containing 1.0% of benzoyl peroxide were 
prepared from hydrous benzoyl peroxide granules. The vehicle and ad- 
ditional ingredients added are listed in Table I. These solutions were also 
stored in amber-colored glass bottles a t  24". 


Assay Procedure-The HPLC analysis used is similar to one reported 
previously (4). The internal standard was hydroxyprogesterone caproate. 
The stock solutions of benzoyl peroxide and the internal standard in 
methanol (1.0 mg/ml each) were prepared fresh daily. The standard so- 
lution was prepared by mixing 2.0 ml of the stock solution of benzoyl 
peroxide with 4.0 ml of the internal standard stock solution and then 
bringing the volume to 50.0 ml with methanol. 


Preparation of Assay Solutions from Ointments-An appropriate 
quantity of the ointment containing 2.0 mg of benzoyl peroxide was 
weighed accurately and dissolved in 30 ml of methanol. A 4.0-ml portion 
of the internal standard stock solution was added and the mixture 
brought to volume (50.0 ml) with methanol. 


8 Brockway Glass Co., Brockway, Pa. 


5 2.8 


I 2.4 


21 1 1 I 1 I I 
0 8 16 24 32 40 48 


DAYS 


Figure 1-First-order plot of decomposition (at 2 4 O )  of benzoyl per- 
oxide in polyethylene glycol ointment base USP. The results of oint- 
ments containing an additional ingredient (acetanilide or benzoic acid) 
were similar. 


All the solutions studied were diluted with methanol to a concentration 
(based on the label claim) of 40.0 pg/ml of benzoyl peroxide. Before final 
dilution, enough of the internal standard stock solution was added to 
contain 80.0 pg/ml in the final solution. 


Injections-A 20.0-p1 aliquot of the assay solution was injected into 
the chromatograph at  the conditions described. For comparison, an 
identical volume of the standard solution was injected after the assay 
eluted. 


2 I1 


2 


\ 
n 


8 


C 


MINUTES 
Figure 2-Sample chromatograms. Peaks 1 and 2 are from benzoyl 
peroxide and hydroxyprogesterone caproate (internal standard), re- 
spectively. The long peak (out of scale) after injection in chromatograms 
Band C is from acetone. Chromatogram A i s  from a standard solution 
(see text) and B and C from 97-days-old solutions (Numbers 4 and 7 ,  
Table I ) ,  respectively. 


586 I Journal of Pharmaceutical Sciences 
Vol. 71, No. 5, May 1982 







Table 11-Assay Results of Solutions a 


Solution Percent Retained 
Numberb 0 day 10 days 46 days 50 days 60 days 97 days 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 


101.3 
101.8 
101.3 
102.2 
101.1 
102.0 
100.9 
100.0 
99.8 


100.6 
100.6 
101.2 
100.7 
100.1 


101.4 
100.8 
101.1 
101.8 
98.3 
98.3 
95.6 


100.8 
97.7 
98.2 
99.1 
97.7 


100.1 
98.7 


97.7 
98.2 


100.2 
100.7 
96.5 
94.2 
90.3 
99.2 
93.3 
92.5 
95.1 
- 
- 
- 


85.2 
85.6 
89.5 
90.9 
82.8 
81.7 
74.7 
86.4 
72.6 
73.2 
76.8 
- 
- 
- 


For results of ointments stored at 24”. see Fig. 1. Almost all benzoyl peroxide decomposed in 5 days in ointments stored at 50”. For composition of the solutions, 
see Table 1 .  c These solutions had discolored to light yellow due to oxidation of hydroxyquinoline/chlorhydroxyquinoline. 


Calculations-Since the ratios of peak heights were directly related 
to concentrations, the results were calculated using the equation: 


(Eq. 1) Rpha - 100 X - - percent of the label claim 
Rphs 


where Rpha is the ratio of the peak heights of benzoyl peroxide and hy- 
droxyprogesterone caproate of the assay solution and Rphs is that of the 
standard solution. 


After the initial assays, the ointments and solutions were reassayed 
after appropriate time intervals. 


RESULTS AND DISCUSSION 


The results (Fig. 1, and footnote a in Table 11) indicate that benzoyl 
peroxide decomposes quickly when mixed with polyethylene glycol 
ointment base. The K value a t  room temperature was 0.028/day. I t  has 
been postulated (2)  that  OH groups in the vehicle had an adverse effect 
on the stability of benzoyl peroxide. At 50°, almost all of the benzoyl 
peroxide in polyethylene glycol ointment base decomposed in 5 days. The 
addition of acetanilide (a commonly used stabilizer for hydrogen per- 
oxide) and benzoic acid (a major decomposition product of benzoyl 
peroxide) did not improve the stability of benzoyl peroxide. The lag pe- 
riod, which was prominent in solutions, almost disappeared in 2% (w/w) 
ointment of benzoyl peroxide in polyethylene glycol base. 


After the lag period, the solutions decomposed slowly without following 
any particular order of reaction. However, the following observations 
might be made from the data (Table I, and Figs. 1 and 2): 


Ethanol improves the stability of benzoyl peroxide when substi- 
tuted for acetone (Solutions 3 and 4 uersus 1, Table 11). 


Propylene glycol hastens the degradation when substituted for 
acetone (solutions 5-7 uersus 1, Table 11). An attempt to substitute 
glycerin for acetone (50% v/v) was unsuccessful. There was a problem 
preparing a single homogeneous phase. 


The addition of acetanilide, benzoic acid, and hydroxyquinoline 
did not improve the stability (Solutions 9-11 uersus 7, Table 11). 8- 
Hydroxyquinoline (oxine) has been reported (8) to improve t.he stability 
of hydrogen peroxide in certain pharmaceutical gels. 


Chlorhydroxyquinoline improved the stability of benzoyl peroxide 
(solution 14 upr.w.9 12-13, Table 11). This is probably the reason why 
commercial formulations contain this compound (9). 


The decomposition of benzoyl peroxide appears to be concentra- 


1. 


2. 


3 


4. 


5. 


tion dependent (solution 6 uersus 12, Table 11). Solution 12 was prepared 
from hydrous benzoyl peroxide (71%) uersus Solution 6 which was, pre- 
pared from benzoyl peroxide (98%). Another solution similar to 12 was 
prepared using benzoyl peroxide (98%) and this solution was slightly more 
stable than Solution 12. All commercial formulations are prepared from 
hydrous benzoyl peroxide to prevent explosion. 


In brief, the decomposition of benzoyl peroxide is complex and sus- 
ceptible to many factors, some of them still unknown. Furthermore, the 
benefits of adding stabilizer(s) are themselves controversial (2). It has 
been suggested (2) that addition of chelating agents (citric acid or edetate 
disodium) might have an adverse effect on the stability of benzoyl per- 
oxide. Yet some commercial products (9) add these chelating agents to 
improve the stability. 


The effect of small traces of impurities in benzoyl peroxide, the vehi- 
cles, and additives is still not well understood. The stability of benzoyl 
peroxide needs to be thoroughly investigated. Further work is in progress 
in this laboratory. 
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Abstract To develop a parenteral solution of relatively water-insoluble 
metronidazole (2-methyl-5-nitro-lH-imidazole-l-ethanol), i ts  phosphate 
ester was synthesized uia two routes. One route utilized 2-cyanoethyl 
phosphate and the other utilized pyrophosphoryl tetrachloride. The first 
method used dicyclohexylcarbodiimide as a coupling agent and the cy- 
anoethyl group was removed under mild alkaline conditions. The second 
method was a one-step procedure in which free acid of metronidazole 
phosphate was isolated as a crystalline solid. The solubility of metron- 
idazole in various solvents was determined a t  25". From the pH-depen- 
dence of its aqueous solubility, the pKa of the conjugate acid of metro- 
nidazole was estimated to be 2.62, which agreed well with the pKa values 
of other nitroimidazoles. Metronidazole phosphate behaved as a zwit- 
terionic compound in an acidic medium with a minimum solubility at pH 
2.0. At pH 7, its solubility was -50 times that of metronidazole. The 
phosphate ester was so soluble a t  pH higher than 7 that it was difficult 
to measure the solubility accurately. In human serum, the hydrolysis of 
metronidazole phosphate followed zero-order kinetics a t  an initial con- 
centration of 0.25 mg/ml or higher, presumably due to enzyme saturation 
(0.035 mg/ml/hr at  37O). A reversed-phase HPLC procedure was adopted 
to monitor the appearance of metronidazole and the disappearance of 
metronidazole phosphate. Subcutaneous administration of metronidazole 
phosphate to rats produced a blood level of bioactivity comparable to that 
observed after administration of metronidazole. 


Keyphrases Metronidazole phosphate-a water-soluble prodrug for 
parenteral solutions of metronidazole 0 Prodrugs-water-soluble, me- 
tronidazole phosphate for parenteral solutions of metronidazole Sol- 
ubility-metronidazole phosphate, water-soluble prodrug for metron- 
idazole 


Although metronidazole is associated with some con- 
troversy regarding its carcinogenicity in rodents and mu- 
tagenicity in bacteria (1-6), it is often the drug of choice 
for the treatment of certain anaerobic infections, partic- 
ularly Trichornonas uaginalis (7-21). Presently, the drug 
is available in the U S .  only in an oral dosage form (22). 
Parenteral dosage forms for a single injection are not 
available, presumably because of the relatively low solu- 
bility of metronidazole in water (-10 mg/ml a t  25'). Sterile 
solutions for infusion are, however, available in other 
countries1. These preparations usually call for infusion of 
100.0 ml of a 5 mg/ml solution. To overcome the solubility 
problem in formulating a parenteral solution, a prodrug 
approach was adopted in the present report. A water-sol- 
uble derivative was prepared and administered, which can 
be quantitatively converted to metronidazole by specific 
andlor nonspecific hydrolytic enzymes present in the 
body. 


BACKGROUND 


For some drugs with alcoholic functional groups, hemiesters of dicar- 
boxylic acids are derivatives with desirable aqueous solubility and facile 
enzymatic cleavage in the blood. Parenteral dosage forms of hydrocor- 
tisone2, methylpredni~olone~, and chl~ramphenicol~ are all hemiester 


' Rhone-Poulene (SPECIA). France. 
2 Solu-Cortef and Soh-Medrol, The Upjohn Co., Kalamazoo, Mich. 


Chloromycetin, Parke-Davis, Morris Plains, N.J. 


products. In the case of metronidazole, the monosuccinate ester is in the 
patent literature (23). One disadvantage associated with such monoesters 
of dicarboxylic acids is that they are not stable enough in aqueous solu- 
tions to provide a satisfactory shelflife for a parenteral solution (less than 
10% decomposition within 2 years). Even without catalytic species from 
buffers, spontaneous hydrolysis of a simple ester prevents formulation 
in aqueous media. In the case of monosuccinates, hydrolysis is expected 
to be even faster because of the intramolecular catalysis from the re- 
maining carboxylic acid and/or carboxylate anion (24). 


The monophosphate of a drug with an alcoholic group carries two 
phosphoric acid functions with pKa values in the range of 2 and 6.5, and 
is freely soluble at  physiological pH 7.4. In the past, phosphate esters have 
been used in preparing parenteral dosage forms of certain drug com- 
pounds (25) such as clindamycin, lincomycin, diethylstilbestrol, car- 
boxybenzylpenicillin, hydroxysteroids, and trichloroethanol. Since these 
phosphate esters were found to be active in uiuo, it was hoped that me- 
tronidazole phosphate also would be bioequivalent to or as bioavailable 
as the parent drug compound. The serum hydrolysis of metronidazole 
phosphate was studied to confirm that it regenerates metronidazole in 
the blood stream after intramuscular or intravenous injection within a 
reasonable period of time. Since phosphate esters are generally quite 
stable a t  neutral pH (261, metronidazole phosphate was expected to be 
stable enough to be prepared as a parenteral solution with an acceptable 
shelflife a t  an ambient temperature. The bioavailability of metronidazole 
from the phosphate ester prodrug was determined in rats. 


EXPERIMENTAL 


Solubility of Metronidazole and Metronidazole Phosphate-A 
large excess of metronidazole was added to a series of 7-ml vials containing 
5.0 ml of various solvents. They were shaken continuously for 24 hrs in 
a waterbath a t  25 f 0.2", and filtered through disposable pipets with tips 
that  were tightly packed with glass wool. An aliquot of the filtrate was 
evaporated under a nitrogen stream. The residue was redissolved in water 
and after proper dilution the concentration was determined from the 
absorbance4 a t  320 nm. 


The apparent aqueous solubilities of metronidazole and its mono- 
phosphate also were determined at, various pH valves in a similar manner. 
In the latter case, the phosphate ester free acid was used; hence, a t  higher 
pH values, a downward pH drift was noted as the solubility equilibrium 
was attained. In such a case, the desired pH was maintained by inter- 
mittently titrating the sample with concentrated sodium hydroxide so- 
lution. In both cases, the concentration of solutes was determined by an 
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Figure 1-Reversed-phase HPLC analysis for  the serum hydrolysis of 
metronidazole phosphate to metronidazole at 37'. The  samples were 
obtained after 0,4, 7, and 10 hr of hydrolysis at an initial concentration 
0.50 mglml. Numbers by the peaks are the retention times in minutes. 
Picric acid served as a n  internal standard. 


Beckman Model DB-G Spectrophotometer 
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Table I-Solubility of Metronidazole at 25" Table 11-pKa Values of Substi tuted Imidazoles a 


Solvent 
Solubility, 


m d m l  


Water 
Ethanol 
Methanol 
Acetone 
Benzene 
Ethyl acetate 
Acetonitrile 
Ether 
Chloroform 
Methylene chloride 
Hexane 
Dioxane 
Tetrahydrofuran 


9.50 
5.00" 


32.20 
20.70 
0.65 
6.50 


17.20 
0.99 
4.01 
4.12 


-2.5 x 10-3 
18.40 
17.70 


"The Merck Index," 8th ed., Merck & Co., Rahway, N.J., 1968, p. 695. 


HPLC procedure. Buffers used in this series of experiments were hy- 
drochloric acid, chloroacetate, acetate, and phosphate systems. 


Synthesis of Metronidazole Phosphate (Method A)-This method 
essentially followed the literature procedure in which 2-cyanoethyl 
phosphate was used in preparing phosphate esters (27). The barium salt 
of 2-cyanoethyl phosphates (16.16 g, 0.05 mole) was added to a suspension 
of a cationic exchanger5 (70 ml in 150 ml water), and stirred until the 
solution was completed. The entire suspension was poured into a column 
containing the same resin (50 ml), and the column was eluted with water 
(300 ml). The eluent plus pyridine (-30 ml) was evaporated under vac- 
uum a t  40°, and the residue was dried further by evaporation with an- 
hydrous pyridine. Finally the residue was dissolved in 50 ml of dry pyr- 
idine. 


Metronidazole (3.42 g, 0.02 mole) and the 2-cyanoethyl phosphate stock 
solution (40 ml, 0.04 mole) were mixed and concentrated under vacuum. 
After being dried completely, dicyclohexylcarbodiimide (20.6 g, 0.1 mole)5 
in pyridine (180 ml) was added, and the reaction mixture was kept in the 
dark a t  room temperature for 2 days. Water (350 ml) was added and di- 
cyclohexylurea was filtered off 2 hr later. The filtrate was taken up into 
a cationic exchanger suspension6 (60 ml), stirred for 20 min, and filtered. 
After concentration, the filtrate was subject to a silica gel liquid chro- 
matographic separation7 using methanol-water-acetic acid (100:2:1) as 
the mobile phase. UV absorption of the eluent was continuously moni- 
tored a t  320 nm. The fraction between 1.3 and 2.0 liter was combined and 
concentrated to 20 ml. 


The solution was then titrated with -31 ml of 1.0 N KOH over 30 rnin 


200 t \  


t I I I I I I l l l l l l  I ,  
1 2 3 4  5 6  7 


PH 
Figure 2-The p H  dependence o f  the apparent'solubility of metron- 
idazole (0) and metronidazole phosphate (0) at 2.5'. T h e  concentration 
of the  latter was expressed in terms of i t s  equivalence to  metronida- 
zole. 


5 Aldrich Chemical Co., Milwaukee, Wis. 
Dowex 50W, 20-50 mesh, H+ form; Bio-Rad Laboratories, Richmond, Calif. 
Three Size C Silica Gel 60 prepacked columns from EM Laboratories. 


Compound pKa 


Imidazole 6.953 
I-CZHS- 7.300 
l-CH3-5-NO2- 2.130 
l-CH3-4-NO2- -0.530 
2-CH3- 7.851 
Metronidazole 2.62 


0 From ref. 31. * See text. 


a t  45" maintaining the pH a t  -10-11. After another 45 min a t  45', the 
solution was neutralized with 1.0 N HCI. After evaporation, the solid 
residue was triturated with methanol and filtered. The filtrate was again 
evaporated to the crude product, which was recrystallized twice from 95% 
ethanol (3.23 g; 50% yield), mp >180°; NMR (methanol-d& & 7.85 (s, lH ,  
C-4), 4.5 and 3.9 (t, 2H each, -CHz-CHz- a t  N-l), and 2.5 (s, 3H, C-2) 
ppm; IR (Nujol) u,,,: 3200 (HzO), 1525 (-NOz), 1250 (phosphate), and 
980 (phosphate) cm-'; Karl Fischer water 6.91%. 


Anal.-Calc. for CsHsN306KzP.1.35 H20: C, 20.50; H, 3.07; N, 11.95; 
0, 33.45; K. 22.24; P,  8.81. Found: C, 20.07; H, 3.14; N, 10.76; K, 23.04. 


Synthesis of Metronidazole Phosphate (Method B)-Pyrciphos- 
phoryl tetrachloride was prepared following a literature procedure (28). 
Metronidazole (5 g, 0.029 mole) was dissolved in tetrahydrofuran (375 
ml), stirred, and cooled to -25'. The pyrophosphoryl tetrachloride (12 
ml) was then added, and the resulting mixture was stirred at  -25" for 
1 hr. The mixture was then poured into ice water (200 ml), stirred well, 
and the solvent was evaporated under vacuum. The resulting oil was 
triturated with acetonitrile, then seeded and stirred with 95% ethanol 
(200 ml) to crystallize 6.0 g of metronidazole monophosphate free acid 
(82% yield), mp 237-238'; IR (Nujol) Cmax: 3130,2620,2300, 1140,1070, 
945, and 865; equivalent weight 125 by titration. 


Anal.-Calc. for CeHloNaOeP: C, 28.69; H, 4.01; N,  16.73; P, 12.34. 
Found: C, 28.70; H ,  4.20; N, 17.04; P, 12.04. 


Metronidazole monophosphate free acid (4.35 g; 0.017 mole) was dis- 
solved in water (40 ml) and titrated with 1.0 N KOH to pH 7.20. The 
resulting solution was freeze-dried to give 6.2 g white powder, which was 
recrystallized from 95% ethanol to give dipotassium salt hydrate. 


Anal.-Calc. for C6H&306KzP-4Hzo: C, 17.98; H ,  4.50; N, 10.48; P, 
7.72. Found: C, 17.99; H, 4.06; N, 1 1.06; P, 7.88. 


Serum Hydrolysis of Metronidazole Phosphate-To each of three 
15-1111 test tubes with a screw cap were added 0.50,0.25, or 0.10 ml of a 
metronidazole phosphate stock solution in water (10.0 mg/ml) and 9.50, 
9.75, or 9.90 ml human serum at 37", respectively. The tubes were shaken 
immediately and kept a t  37 f 0 . 2 O .  At proper intervals, 0.50-ml aliquots 
were transferred to a series of 10-ml centrifuge tubes containing 2.0 ml 
of methanol. After being shaken thoroughly, samples were kept a t  -20' 
until analysis. Just prior to analysis, 0.05 or 0.20 ml of a picric acid stock 
solution in water (1.56 mg/ml) was added, mixed thoroughly, and cen- 
trifuged. The supernate was analyzed directly by HPLC. A typical res- 


I HOURS 


Figure 3-Serum hydrolysis of metronidazole phosphate a t  37" at two 
initial concentrations. Data obtained from the  human serum of two 
volunteers are represented as  open and closed symbols, respectively. 


Journal of Pharmaceutical Sciences I 41 1 
Vol. 71, No. 4, April 1982 







OC,H,CN 


I 
I 


O=:P-OH X2 


OH 
2-cyanoethyl phosphate 


C,H,OH 


+ 
metronidazole 


OC,H,CN 


I 
O=P-OH 


I 
0 


0 N 


6 
II 


II 
C 


dicyclohexyl- 
carbodiimide 


O=b-OH 
I 


OC,H,CN 
I 


(phosphate anhydride)  


I 1 


(phosphate  diester)  


1 2 x K O H  


metronidazole phosphate,  
dipotassium salt  


t 


NH 


CO 
I 
I 


dicyclohexyl urea 


+ (HOC,H,CN) 


+ OH- 


Scheme I-Synthesis of metronidazole phosphate. 


olution of metronidazole phosphate and metronidazole is shown in Fig. 
1. The following chromatographic conditions were used with a commer- 
cially obtained column and equipment*: mobile phase, 0.10 M phosphate 
buffer (pH 7.0) and methanol (9O:lO); pressure, 1500 psi; flow rate, 0.50 
ml/min; column temperature 50"; A, 317 nm; attenuation, 0.08-0.16 ab- 
sorbance unit; sample size, 5-9 ~ 1 .  


Bioavailability Studies in Rats-A single 40 mg/kg dose of metro- 
nidazole phosphate dipotassium salt was administered subcutaneously 
to each of three male rats weighing 190-210 g. These animals were fasted 
(except for water) for 24 hr prior to and during the experiments. Similarly, 
the parent compound, metronidazole, was administered to three rats. In 
both cases, the drugs were dissolved in 10% aqueous dimethylform- 
amide. 


At a given time after the drug administration, blood was withdrawn 
by clipping a portion of the tail. Microbiological assay disksg were satu- 
rated with the blood sample, placed on C. perfringens'O seeded assay agar, 
and incubated anaerobically a t  37". The size of the inhibition zone was 
then measured to the nearest millimeter and the metronidazole con- 


s DuPont Model 830 HPLC unit was equipped with a DuPont Model t187 spec- 
trophotometer, a Hewlett-Packard Model 3380A integrator, and an automatic in- 
jector valve described elsewhere (29). The column used was a Zorbax ODS column 
from DuPont (2.1 mm i.d. X 30 cm). 


S&S Disc (no. 740-E), Schleicher Schuell Co., Keene, N.H. 
C. perfringens was obtained from Center for Disease Control, Atlanta, Ga. 


In-house identification number UC-6054. 


centration was determined from a standard curve. The area under a curve 
on the plot of blood concentration uersus time was calculated by the 
trapezoidal rule using a digital computer. 


RESULTS AND DISCUSSION 


Physical Properties of Metronidazole and  Metronidazole Phos- 
phate-The solubility of metronidazole in various solvents is listed in 
Table I; the average of duplicate determinations is reported. In general, 
basic polar solvents such as tetrahydrofuran and dioxane dissolve me- 
tronidazole well, presumably through hydrogen binding. On the other 
hand, metronidazole phosphate was found to be freely soluble in water. 
Its dipotassium salt is also soluble in methanol and hot ethanol. 


The pH dependence of the solubility of metronidazole a t  25 f 0.2" is 
shown in Fig. 2, from which the apparent pKa of metronidazole was es- 
timated as follows: from S = SO [I + K,/(H+)], in which S and SO are the 
pH dependent apparent and intrinsic solubilities, respectively, S = 2So 
when (H+) = K ,  (30). A value of 2.62 was obtained for the pKa of the 
protonated N-1. Compared with imidazole (pKa -7), metronidazole 
is a much weaker base. This is because of the adjacent -NO2 group a t  
C-5. Table I1 lists the pKa values of some structurally related compounds 
reported in the literature (31). As expected, electron-donating alkyl 
groups at  N-1 or C-2 position of imidazole increase the pKa value but this 
effect is overridden by the adjacent -NO2 group (e.g. ,  1-methyl-5-ni- 


412 I Journal of Pharmaceutical Sciences 
Vol. 71, No. 4. April 1982 







E . 
g 40 


IT 
I- 


0 z 10 


$ 20 


ou 'i O1 


HOURS 


Figure 4-Appearance of metronidazole f r o m  the  serum hydrolysis of 
metronidazole phosphate. Symbols are t h e  same as in Fig. 3. 


troimidazole). Interestingly, the electron-withdrawing effect through an 
induction effect appears less significantly than through a resonance in- 
teraction (e.g., 1-methyl-4- and 5-nitroimidazole). 


Since the first pKa of the two remaining phosphoric acid functions 
should be close to 2 and since that of protonated N-1 is in the range of 
2.5, metronidazole phosphate should predominantly exist as a zwitterion 
a t  pH -2.5. Accordingly, the apparent solubility of the prodrug shows 
its minimum a t  pH 2 (Fig. 2). Note, however, that  the solubility of the 
prodrug exceeds 730 mg/ml, equivalent to 500 mg of metronidazole/ml, 
a t  pH 7.0, approximately 50 times the metronidazole solubility. As pH 
increases further, the solubility of metronidazole phosphate increases 
again as the second phosphoric acid undergoes ionization. Thus, it was 
possible to formulate the prodrug at a concentration of metronidazole 
desired in clinical studies, in a desired volume, a t  a physiologically ac- 
ceptable pH. 


During the measurement of the melting point of metronidazole phos- 
phate dipotassium salts, i t  was noted that the compound undergoes de- 
hydration a t  -90'. This process was seen clearly when a sample sus- 
pended in silicone oil was heated. Under microscope, the formation of 
a distinctive water phase from the dehydration was observed as the 
temperature approached 90'. Thermal gravimetric analysis, differential 
scanning calorimetry, and Karl Fischer titration were adopted for further 
characterization. After dehydration, the compound decomposed a t  
-180". Such thermal behavior, dehydration of nonstoichiometric amount 
of water, and gradual decomposition, is commonly found among other 
salts of phosphate esters (32). 


Synthesis of Metronidazole Phosphate-Method A described earlier 
employed that 2-cyanoethyl phosphate route in which dicyclohexylcar- 
bodiimide was used as a dehydrative coupling reagent (Scheme I). The 
procedure is well established in the area of nucleotides (27) and was 


d H c H o H 
metronidazole 


1. (cl,Po),o 
2. H,O 


6 ~ ~ -  ~ ~ ~ - 0 - p -  OH 
I 
OH 


metronidazole phosphate 
Scheme 11-Synthesis of metronidazole phosphate 


Figure 5-Blood levels i n  rats following subcutaneous administration 
of metronidazole (0) or metronidazole phosphate (A). 


adopted in the synthesis of lincomycin phosphate (32). The procedure 
was adopted initially in the synthesis of metronidazole phosphate pri- 
marily for a feasibility study. Method B, on the other hand, utilizes the 
high reactivity of pyrophosphoryl tetrachloride (28). This procedure 
(Scheme 11) is simpler and more convenient than Method A. 


Biological Properties of Metronidazole Phosphate-The hy- 
drolysis rate of metronidazole phosphate to metronidazole, catalyzed by 
a number of enzymes, was determined by monitoring the appearance of 
the latter and the disappearance of the former in whole human serum 
at 37'. Throughout kinetic experiments, the mass balance was well ob- 
served. 


As shown in Fig. 3, the disappearance of metronidazole phosphate in 
serum at 37" follows zero-order kinetics at  two initial concentrations, 0.50 
and 0.25 mg/ml, with rate constants 0.036 and 0.031 mg/ml/hr (1.10 and 
0.95 X lop4 M hr-l), respectively. For a sample with an initial concen- 
tration 0.10 mg/ml, no metronidazole phosphate was detected after 3 hr. 
Limited data obtained within the initial 3 hr appeared to follow first- 
order kinetics, but this remains to be confirmed. 


Serum used for three runs of experiments and with an initial concen- 
tration of 0.50 mg/ml was obtained from the two healthy male volunteers. 
An identical rate constant appears to satisfy both series of data, indicating 
that the total enzyme activity towards metronidazole phosphate does 
not vary significantly between the two volunteers. Experiments with an  
initial concentration of 0.25 mg/ml produced a rate constant virtually 
identical to that obtained with an initial concentration of 0.50 mg/ml, 
leading to a conclusion that phosphatases and possibly other enzymes 
that cause the bioconversion are most likely saturated with the substrate 
at such high substrate concentration. Figure 4, where the appearance of 
metronidazole in three series of experiments is presented as a function 
of time, also produces a single zero-order rate constant, 0.037 mg/ml/hr 
(1.13 X M hr-l) for the disappearance of the phosphate. This rate 
constant corresponds to 0.019 mg/ml/hr (1.13 X M hr-l) in terms 
of the appearance of metronidazole. The ratio of molecular weight of 
metronidazole to that of the phosphate is 0.523. The average of three rate 
constants for the hydrolysis of the phosphate ester reported above, 0.035 
mg/ml hr (1.06 X M hr-l), represents the maximum velocity in the 
apparent Michaelis-Menten kinetics (33). 


As shown in Fig. 5, metronidazole phosphate produced blood levels 
of bioactivity in rats given 40 mg/kg subcutaneously (metronidazole 
equivalent) that were comparable to those produced by metronidazole 
when administered at  the same dosage level. The maximum blood level 
produced by the phosphate ester was 43.3 pg/ml while that produced by 
metronidazole was 57.4 pg/ml, which occurred 60 and 45 min after ad- 
ministration, respectively. The corresponding ratio of total area under 
a curve was found to  be 0.881.00. No conclusive explanation ior the 
slightly (but significant a t  95% confidence level) less area under a curve 
obtained from the phosphate ester than from metronidazole are given 
in the present report, although it is possible that the phosphate prodrug, 
being a highly ionic compound, may be readily eliminated intact through 
the kidney prior to or during the enzymatic conversion to the parent 
compound. In this aspect, it is interesting to note that the difference in 
bioavailability occurs during the initial 100 min and that the assumed 
elimination phase is nearly identical in both cases. 
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Abstract 0 A sensitive and reproducible GLC assay was developed for 
determining 2,3,4,4a-tetrahydro-1H-pyrazino[l,2a]quinoxalin-5(6H)-one 
(I) in biological fluids, utilizing the electron-capturing capability of the 
heptafluorobutyryl derivative. After single 2.5- and 10-mg/kg oral and 
intravenous doses to three dogs, plasma concentration-time data for I 
were fitted to a biexponential equation and pharmacokinetic parameters 
were calculated. A dose-dependency for certain parameters, most notably 
total body clearance ( C ~ T ) ,  was indicated. The difference in CIT for the 
low and high dose was statistically significant. After single 5-, 25-, and 
50-mg/kg intragastric doses were given to rats, the decline in plasma 
concentrations of I with time followed a monoexponential equation. As 
with dogs, there was a disproportionate change in kinetic parameters with 
increasing dose for rats. While simple Michaelis-Menten kinetics were 
not evident, nonlinearity in biotransformation (intrinsic clearance) ap- 
peared to be the cause for the dose-dependent pharmacokinetics. 


Keyphrases 2,3,4,4a-Tetrahydro-lH-pyrazino[l,2a]quinoxalin- 
5(6H)-one-dose-dependent pharmacokinetics, dogs and rats 0 Anti- 
hypertensive agents - 2,3,4,4a-tetrahydro-lH-pyrazin0[1,2a]quinox- 
alin-5(6H)-one, dose-dependent pharmacokinetics, dogs and rats 0 
Pharmacokinetics-dose-dependent, 2,3,4,4a-tetrahydro-lH-pyrazino 
[ 1,2a]quinoxalin-5(6H)-one, dogs and rats 


The compound 2,3,4,4a-tetrahydro-lH-pyrazino[l,2a]- 
quinoxalin-5(6H)-one (I) is an antihypertensive agent 
that is effective in lowering blood pressure in hypertensive 


I 
dogs, cats, and rats’. Its synthesis has been described 
previously (1). 


For metabolic disposition studies, single intravenous and 
oral doses of 2.5 and 10 mg/kg were given to normotensive 
male dogs and intragastric doses of 5,25, and 50 mg/kg to 
normotensive male rats. From the resulting data, estimates 
of pharmacokinetic parameters were determined and the 
effect of dose on pharmacokinetics was investigated. 


EXPERIMENTAL 


The hydrochloride salt and free base of I were used and 8-fluoro- 
2,3,4,4a-tetrahydro- 1H-pyrazino[ 1,2a]quinoxalin-5(6H)-one hydro- 


Dr. R. L. Wendt, Wyeth Laboratories Inc., Radnor, Pa., unpublished re- 
sults. 
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of the electronic density effect measured by CT, and the X-site polarity 
as measured by group dipole moments. These moments are, for X = 
COCH3,3.00 D; CN, 4.39; and NOz, 4.21 (21). An increase in site polarity 
will tend to decrease the site binding constant (20), and both Kllb and 
K1za may reflect this effect superimposed on the electron density ef- 
fect. 


This model of complexing suggests that Klz values are especially useful, 
leading to the question: Why is Klz ever equal to zero (for a two-site 
substrate)? According to Eq. 47, Klz can be zero only if a = 0 or if one of 
the site binding constants ( K g ~  or K G H )  is zero. This leads to the fol- 
lowing argument. If the given site assignments are correct, Klzb represents 
binding a t  the COO- site (since Kllb mainly describes X-site binding), 
and it was found that Klzb = 0 for all substrates. The existence of finite 
K1za values (substrates 8-10) means that a is finite for these acid sub- 
strates, and suggests that  it will also be finite in the corresponding base 
substrates. It follows that K12b is zero as a consequenceof the site binding 
constant for coo- being zero. Letting KgHb represent this quantity, and 
KGHb the site binding constant for the X-site in the conjugate base series, 
it follows that: 


Kllb = KgHb KGHb = KGHb (Eq. 48) 


i.e., Kllb can be identified solely with the binding a t  site X. 
Extension to the acid series requires the assumption that K G H b  for 


binding to X in the base series is identical with K G H ~  for binding to X 
in the acid series. If approximately so, then K I I ,  = KgHa + K G H ~  = KgHo 
+ KGHb = K g ~ a  i- Kllb, and the site binding constant K g ~ a  for the 
COOH site is given approximately by K11, - Kllb. 


With these estimates Of KgHa ( K I I ,  - Kllb) and KGHa (Kllb), Eq. 47 
leads to estimates of a for these substrates, since: 


For compound number 8, a = 0.51; number 9, a = 0.38; and number 
10, a = 0.33. Because of the several approximations, these calculations 
are unlikely to be accurate, but they are reasonable in magnitude. The 
interpretation of complex stability data in terms of this model and Eqs. 
44 and 47 seems to be a potentially useful means for describing, under- 
standing, and perhaps predicting complex formation behavior. 
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Abstract n Methods are presented for the separation of tetracycline, 
tetracycline analogs, and their potential impurities by reversed-phase 
ion-pair chromatography. The mobile phase consisted of a phosphate 
buffer with tripropylamine or N,N-dimethyloctylamine as counterions 
and acetonitrile as the organic modifier. The chromatographic properties 
of the tetracyclines were significantly improved by addition of the tertiary 
amines. The best result was obtained with N,N-dimethyloctylamine as 
the counterion, which gave good separation efficiency and peak symmetry 
for most of the substances studied. Addition of the tertiary amines to the 
mobile phase also significantly affected the capacity factors of the tet- 
racyclines. Stability studies of the tetracyclines showed a fast degradation 


~~ ~ 


of chlortetracycline to isochlortetracycline and of lymecycline to tetra- 
cycline in phosphate buffer solutions of different pH. The purity of 
pharmaceutical preparations of tetracyclines was also investigated. 


Keyphrases Tetracycline-potential impurities of the drug and its 
analogs, reversed-phase ion-pair chromatography High-performance 
liquid chromatography-tetracycline, tetracycline analogs, and their 
potential impurities 0 Counterions-N,N-dimethyloctylamine, tri- 
propylamine, in reversed-phase ion-pair chromatography of tetracycline, 
tetracycline analogs, and their possible impurities 


The most important impurities in tetracycline and tet- 
racycline analogs are the epimerized, dehydrated, and 
epimerized dehydrated forms of the tetracyclines. Thus, 
quatrimycin (epitetracycline), anhydrotetracycline, and 
epianhydrotetracycline are the most frequently found 
impurities in tetracycline. Epianhydrotetracycline has 
been reported to be toxic in humans, but the exact safety 


level in pharmaceutical preparations is not known. Per- 
mitted concentrations of epianhydrotetracycline and other 
impurities are fixed by the European Pharmacopoeia. 


BACKGROUND 


Various chromatographic techniques, such as TLC (1 ,2)  and paper 
chromatography (3), have been used to analyze tetracycline, but they are 
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OH 
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CONH, 


LII 


IV 


usually not sensitive enough to allow detection of small amounts of im- 
purities with good precision. 


Ion-exchange column chromatography has also been used for analysis 
of tetracycline and tetracycline analogs, but the separation efficiency is 
not good with typical plate height ( H )  values >5  mm (4, 5). However, 
better results were reported with various reversed-phase systems (6-9). 
The mobile phases used in these methods have pH values between 1.5 
and 5. Tetracyclines were reported to undergo epimerization between 
pH 3 and 5, and dehydration a t  low pH (10-12). This means that chro- 
matography of tetracyclines in mobile phases with pH between 1.5 and 
5 is unsuitable due to possible formation of degradation products during 
the chromatographic run, or during the dissolution process of tetracycline 
preparations. 


The present report describes studies of reversed-phase ion-pair 
chromatographic systems using mobile phases of pH 8.0. These chro- 
matographic systems can be used for separation and quantitation of 


CH 
1 


V VI 


VII VIII 


CONHI CONH, 


IX X 


OH FH.1 N(CH,), 


I CONH, 


OH OH OH 0 OH 
XI x I1 


tetracycline, tetracycline analogs, and related impurities. The purpose 
of this work was to develop chromatographic systems suitable to use in 
the study of small amounts of impurities (<0.1 %) in pharmaceutical 
preparations of tetracycline and tetracycline analogs. 


EXPERIMENTAL 
Apparatus-The high-performance liquid chromatographic system 


consisted of a high-pressure pump' and injection port2. UV detection was 
utilized with a detector3 set at  280 nrn. Columns (150 X 4.5-mm i.d.) were 
made of No. 316 stainless steel with a polished inner surface and equipped 
with modified end connections4 and stainless steel frits5 (2 pm). 


Chemicals-The following chemicals were analytical grade and were 
used as supplied: acetonitrile6, tripr~pylamine~, and NAN-dimethyl- 
octylamines. All other chemicals used were analytical reagent grade and 
were used without further purification. 


Samples of drug substances were obtained directly from the manu- 
facturer or collected in the factory by drug inspectors. The drug prepa- 
rations were bought in Swedish pharmacies. In most cases, reference 
samples of potential impurities were provided by the drug manufacturers. 
The following substances were used: tetracycline (I), quatrimycin (epi- 
tetracycline, II), anhydrotetracycline (III), epianhydrotetracycline (IV), 
oxytetracycline (V), doxycycline (VI), 6-epidoxycycline (VII), metha- 
cycline (VIII), demeclocycline (IX), epidemethylchlortetracycline (X), 
chlorthacycline (XI), epichlortetracycline (XII), isochlortetracycline 
(XIII), epianhydrochlortetracycline (XIV), anhydrochlortetracycline 
(XV), and lymecycline (XVI). 


Column Packing-The columns were packed by a modification of 
the ordinary balanced-density slurry technique described previously (13). 
The supportg was suspended in chloroform, and acetone was used as the 
driving liquid in the pump which was operated at 5000 psi. After packing, 
the column was washed with hexane followed by acetonitrile before 
equilibration with the mobile phase. 


Chromatographic Technique-The chromatographic analyses were 
performed a t  room temperature. The mobile phases were prepared from 
0.05 or 0.1 M monobasic sodium phosphate and the pH was adjusted to 
8.2 (for the tripropylamine systems) or 8.0 (for the N,N-dimethylocty- 
lamine system) with sodium hydroxide after addition of tripropylamine 
or N,N-dimethyloctylamine. An appropriate amount of acetonitrile was 
added and the mobile phase was thermostated a t  room temperature and 
degassed in an ultrasonic bath before use. The interstitial volume of the 
column, V,, was obtained by injection of water. 


Four different mobile phases were used for the purity control of the 
tetracyclines. 


Mobile Phase A-A mixture of 0.1 M monobasic sodium phosphate, 
30% acetonitrile, and 0.0194 M N,N-dimethyloctylamine was adjusted 
to pH 8.0 with sodium hydroxide. 


Mobile Phase B-Mobile phase B contained 0.05 M monobasic sodium 


' Waters model 6000, Milford, Mass. 
2 Valco model CV-UHPa 7000 psi injector equipped with a 20-pl loop, Santa 


J Waters model 440, Milford, Mass. 
4 Crawford Fitting Co., Solon, Ohio. 
5 Altex, Berkeley, Calif. 
6 Rathburn Chemicals, Walkerburn Lid,  Peebleshire, Scotland 
7 Fluka AG, Chernische Fabrik, Buchs, Switzerland. 
8 ICN Pharmaceuticals, Plainview, N.Y. 
9 LiChrosorb RP-8 (5 pm), E. Merck, Darmstadt, W. Germany. 


Clara, Calif. 
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phosphate, 35% acetonitrile, and 0.0097 M N,N-dimethyloctylamine 
adjusted to pH 8.0 with sodium hydroxide. 


Mobile Phase C-This phase contained 0.1 M monobasic sodium 
phosphate, 20% acetonitrile, and 0.0194 M N,N-dimethyloctylamine 
adjusted to pH 8.0 with sodium hydroxide. 


Mobile Phase D-A mixture of 0.1 M monobasic sodium phosphate, 
28% acetonitrile, and 0.0194 M N,N-dimethyloctylamine was adjusted 
to pH 8.0 with sodium hydroxide. 


Calculation of Chromatographic Parameters-The chromato- 
graphic behavior of the tetracycline substances is expressed by the ca- 
pacity factor, the plate height, and the asymmetry factor. The capacity 
factor, k', is calculated by: 


k' = ( t R  - t,)/t, (Eq. 1) 


where t~ and t, are elution times for retained and unretained solutes, 
respectively. The plate height, H, is obtained from the chromatogram 
by: 


H = (L/16)(wt/t~)* (Eq. 2) 


where L is the column length and wt is the peak width a t  the baseline. 
The asymmetry factor was calculated by drawing a perpendicular to the 
baseline from the vertex formed by the two peak tangent lines. The back 
part of the peak baseline divided by the front part gives the asymmetry 
factor. 


Standard Solutions for Chromatographic Experiments-Stan- 
dard solutions were freshly prepared just before use. The substances were 
dissolved in mobile phases which did not contain the tertiary amine. 
Twenty microliters of the solutions were injected. 


Tetracycline Preparations-Tablets, dragees, capsules, suspensions, 
and ampuls were used for this investigation. Five tablets or dragees were 
ground and put into a 250-ml volumetric flask. Methanol (200 ml) was 
added and the flask was sonicated for 10 min in an ultrasonic bath and 
the contents were diluted to 250 ml with methanol. An appropriate 
amount of this solution was then centrifuged and an aliquot was taken 
out and diluted with methanol to give a final concentration of 20 jtglml 
(used for quantitation of active substance in the drug preparations) or 
1 mg/ml (used for quantitation of impurities in the drug preparations) 
of active substance. One milliliter of this solution was evaporated with 
nitrogen at  40' and the residue was dissolved in 1.0 ml of the mobile phase 
(without addition of the tertiary amine). Twenty microliters of this so- 
lution were then injected on the column. The substance in the capsules 
was accurately weighed and dissolved in the same way and to the same 
concentration as for tablets and dragees. Ampuls were also handled in 
the same way. An aliquot of the suspensions (-10 ml) was accurately 
weighed and put into a volumetric flask and extracted with 100 ml of 0.1 
M HCI in an ultrasonic bath for 10 min and finally diluted to 150 ml with 


Table I-Influence of Tripropylamine Concentration on 
Selectivity a 


Tripropylamine Concentration, M 
Selectivity ( a )  0 0.032 0.063 0.095 


IT _. 


I 2.7 3.0 2.8 2.8 
IV 0.7 1.5 1.9 1.8 
111 2.3 2.7 3.0 3.2 


a Mobile phase: pH 8.2 phosphate buffer, 20% acetonitrile with varying concen- 
trations of tripropylamine. 


Table 11-Influence of the NJ"Dimethy1octylamine 
Concentration on Selectivity * 


N,N-Dimethyloctylamine Concentration, M 
Selectivity ( a )  0 0.0097 0.0194 0.0292 0.039 


I1 
I 2.0 2.1 2.1 1.9 1.8 


IV 0.8 2.5 4.2 5.0 5.6 
111 1.5 3.9 4.7 5.3 - 


Mobile phase: pH 8.2 phosphate buffer, 28% acetonitrile with varying concen- 
trations of N,N-dimethyloctylarnine. 


I 
I I I 


0.05 0.10 
TRIPROPYLAMINE, M 


Figure 1-Regulation of the capacity factors by addition of tripropyl- 
amine. T h e  mobile phase consisted of p H  8.2 sodium phosphate buffer 
containing 20% (ulu) acetonitrile and tripropylamine at a flow rate of 
1 mllmin. Key: X, II; A, I ;  0, IV; and 0,  III. 
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0.01 0.02 0.03 0.04 
N,N-DIMETHYLOCTYLAMINE, M 


a 


Figure 2a and tb-Regulation of the capacity factors 
buffer at  pH 8.2 containing 28% (u lu) acetonitrile and 


N,N-D I METHY LOCTY LAM I N E, M b 


by addition of N,N-dimethyloctylamine. The mobile phase contained sodium phosphate 
N,N-dimethyloctylamine. Key: See Fig. 1. 


0.1 M HCI. An aliquot of this solution was then handled in the same way 
as for tablets and dragees. 


Drug Substances-Drug substances were dissolved as described for 
tetracycline preparations to a final concentration of -1 mglml. A 20-4 
aliquot was injected onto the column. 


RESULTS AND DISCUSSION 


Compounds I-IV were used as model compounds in the present study. 
Tetracycline has three ionization stages in the pH range of 1-12. The first 
pKa 3.30 involves the ionization of the acidic hydroxy group at  the 3- 
position; the pKa values for the dimethyl amino function and the hydroxy 
group at  position 12 are 7.68 and 9.69, respectively (14). This makes i t  
possible to utilize ion-pair chromatography with a cationic counterion 
like a tertiary or quaternary amine with a mobile phase a t  pH 8.0 (15, 
16). 


Regulation of the Capacity Factor by Addition of Counter 
Ion-Chromatographic studies of I and its potential impurities were 
performed using a phosphate buffer at  pH 8.2 or 8.0 and acetonitrile as 


Table 111-Chromatographic Data of Tetracyclines 


organic modifier in the mobile phase. Tripropylamine and N,N-di- 
methyloctylamine were used as counterions. Twenty percent (vlv) ace- 
tonitrile was used in the tripropylamine systems and 28% in the N,N- 
dimethyloctylamine system. 


One advantage of reversed-phase ion-pair chromatography is the 
presence of the counterion in the mobile phase, which makes it possible 
to regulate the capacity factor by changing the type or the concentration 
of the counterion. Figures 1,2a, and 2b illustrate the regulation of the 
capacity factor of I, 11, and the dehydrated forms I11 and IV by increasing 
the concentration of tripropylamine from zero to 0.095 M, and N,N- 
dimethyloctylarnine from zero to 0.039 M. It can be seen that I and I11 
have higher capacity factors than their corresponding epi forms, I1 and 
IV, respectively. A likely cause of this effect is that I and I11 have con- 
formations which favor the formation of internal hydrogen bonding, 
giving the molecule a more hydrophobic character. The possibility of 
regulating the capacity factor of I and I1 is rather limited both with tri- 
propylamine and N,N-dimethyloctylamine as counterions, while the 
capacity factors for the dehydrated substances are influenced to a large 
extent by the increasing concentration of counterion. The possibility of 


Mobile Asymmetry Mobile Mobile Mobile 
Compound Phase A, k’ H ,  mm Factor Phase B, k’ Phase C, k’ Phase D, k’ 


Tetracycline (I) 1.3 0.02 1 .o 
Quatrimycin (11) 0.7 0.05 1.2 
Epianhydrotetracycline (IV) 4.3 0.03 1.2 
Anhvdrotetracvcline (111) 17.2 0.03 1.3 . ,  


0xytet”racycline (v) 
Unidentified 1 
Unidentified 2 
Unidentified 3 


Doxycycline (VI) 
6-Epidoxycycline (VII) 
Demeclocycline (IX) 
Epidemethylchlortetracycline (X) 
Epianhydrodemethylchlortetracycline 
Anhydrodemethylchlortetracycline 
Unidentified 


Epichlortetracycline (XII) 
Isochlortetracycline (XIII) 
Epianhydrochlortetracycline (XIV) 
Anhydrochlortetracycline (XV) 
Unidentified 


Unidentified 


Chlortetracycline (XI) 


Methacycline (VIII) 


1.1 
7.0 


3.4 
1.6 
1.9 
1.3 
9.9 
40.5 


2.6 
1.5 
3.9 


11.1 
48.9 


2.1 


0.08 1.0 


0.07 1.0 
0.18 1.7 
0.07 0.8 
0.04 0.9 
0.03 1.0 
0.04 1 .o 
0.09 
0.40 
0.05 


1.0 
0.2 
0.8 


0.04 1 .o 
0.04 0.9 


0.06 1.1 


0.5 


3.3 


2.0 
10.0 


2.2 
6.7 


3.4 


2.4 


5.0 
17.0 


3.5 


5.9 


1.5 


2.1 


a Flow rate = 1.0 mllmin. 
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0.05 0.1 


TR IPROPY LAMINE, M 
Figure 3-Effect o f  the concentration of tripropylamine on peak 
symmetry.  Key: See  Fig. I .  


regulating the capacity factors of the tetracyclines is more pronounced 
with N,N-dimethyloctylamine than with tripropylamine as counterion. 
This may be partly an effect of one more methylene group in N,N-di- 
methyloctylarnine than in tripropylamine giving the N,N-dimethy- 
loctylamine ion-pairs a more hydrophobic character. 


Selectivity Change by Varying the  Counterion Concentra- 
tion-The influence of the nature and the concentration of the coun- 
terion on the separation factor N, is demonstrated in Tables I and 11. The 
selectivity between I1 and I is better in the tripropylamine system, while 
the selectivity between IV and 111 is better in the N,N-dimethyloctyla- 
mine system. However, the separation factors for I and I1 are sufficiently 
large even in the N,N-dimethyloctylamine system to permit baseline 
separation a t  all N,N-dimethyloctylamine concentrations. It can also 
be seen that the selectivity between I1 and I is almost uninfluenced by 
an increase in the counterion concentration, while the selectivities be- 
tween I and IV and also between IV and 111 increase with increasing 
counterion concentration. This effect on the separation selectivity is more 


0:01 0102 0:03 0:04 
N,N-DIMETHYLOCTYLAMINE, M 


Figure 4-Effect of the concentration of N,N-dimethyloctylamine on 
peak symmetry.  Key:  See  Fig. 1. 
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!- 


n 


n 0.08 a 


4 


a 
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Figure 5-Effect of the concentration of tripropylamine on separation 
efficiency. Key:  See Fig. I .  


U 
0 


TR IPROPY LAM I N€, M 


:THY LOCTY LAMINE, M 


Figure  6-Effect of the concentration of N,N-dimethyloctylamine on 
the  separation efficiency. Key:  See Fig. 1. 


pronounced with N,N-dimethyloctylamine than with tripropylamine 
as counterion. 


Peak Symmetry and Separation Efficiency-Figure 3 demonstrates 
the variation in peak symmetry of the tetracyclines with increasing 
concentration of tripropylamine. Compounds 111 and IV show consid- 
erable tailing without the addition of the tertiary amine. However, tailing 
is significantly reduced by increasing the concentration of tripropylamine 
and the asymmetry factors; I, 11, and IV are <2 with a tripropylamine 
concentration of 0.095 M, while 111 a t  this tripropylamine concentration 
still show significant tailing. 
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Table IV-Purity of Tetracycline Substances and Drug Preparations on the Swedish Market 


Smallest Amount Largest Amount 
of Impurity, % of Impurity, 70 Impurity Limits 


in Substance, ?h Drug Drug 
Substances Substance Preparation Substance Preparation Ph. Eur. 


Tetracycline (I) 
Quatrimycin (11) 
Chlortetracycline (XI) 
Epianhydrotetracycline (IV) 
Anhydrotetracycline (111) 


Oxytetracycline (V) 
Unidentified 1 * 
Unidentified 2 b  


1.8 1.6 
n.da n.d 


<0.1 n.d 
0.1 0.2 


<0.1 
n.d 


0.3 
0.1 


8.4 
0.4 
0.5 
1.9 


0.6 
<0.1 


7.7 
0.4 
0.3 
2.2 


0.6 
0.5 


4.0 
2.0 
0.5 
0.5 


Unidentified 3* n.d <0.1 (0.1 0.2 
Doxycycline (VI) 


Demeclocycline (IX) 


6-Epidoxycycline (VII) 0.2 0.1 0.9 0.6 
Methacycline (VIII) <0.1 n.d 0.2 0.3 


Epidemethylchlortetracycline (X) 2.0 2.1 4.0 3.8 
Epianhydrodemethylchlortetracycline n.d. n.d n.d n.d 
Anhydrodemethy lchlortetracycline n.d. n.d n.d n.d 
Unidentified' 2.0 1.6 2.0 1.6 


Epichlortetracycline (XII) n.d n.d 
Isochlortetracycline (XIII) 4 . 5  -0.5 
Epianhydrochlortetracycline (XIV) n.d n.d 


Anhydrochlortetracycline (XV) 0.1 0.1 
Unidentified 5.2 5.2 


Unidentifiede 0.2 0.3 0.2 0.3 


Chlortetracycline (XI) 


Methacycline (VIII) 


0 n.d. = not detected. * Amount impurity calculated by using the molar absorptivity of V. Amount impurity calculated using the molar absorptivity of epianhydro- 
Amount impurity calculated by using the molar absorptivity of demethylchlortetracycline. d Amount impurity calculated by using the molar absorptivity of XI. 


VIII. 


A much more pronounced effect on the peak symmetry of the tetra- 
cyclines was observed by the addition of NJV-dimethyloctylamine to the 
mobile phase. Figure 4 shows the variation in the asymmetry factor of 
I and its potential impurities with increasing NJV-dimethyloctylamine 
concentration in the mobile phase. With a N,N-dimethyloctylamine 
concentration as low as 0.01 M, all four tetracyclines have an asymmetry 
factor of <1.5. Positive effects on peak symmetry by addition of N , N -  
dimethyloctylamine were demonstrated for hydrophobic amines like 
imipramine, desipramine (17), and zimelidine and its metabolites (IS), 
when chromatographed in the cationic forms. The separation efficiency 
of the tetracyclines is considerably improved by addition of the tertiary 
amines, tripropylamine, or N,N-dimethyloctylamine, to the mobile phase 
in accordance with peak symmetry. Relations between H and the con- 
centration of the tertiary amines are demonstrated in Figs. 5 and 6. 


104 


A A 


I I 1 A 
X ,. 


28 29 30 31 


,. 4 


ACETONITRILE, % 


Figure 7-Regulation of capacity factors by varying the acetonitrile 
concentration. The mobile phase contained a pH 8.0 sodium phosphate 
buffer with 0.0194 M N,N-dimethyloctylamine and varying concen- 
trations of acetonitrile. Key: See Fig. 1.  


Regulation of the Capacity Factor for Varying Acetonitrile 
Concentration-From the data presented, it follows that chromatog- 
raphy of the tetracyclines as N,N-dimethyloctylamine ion-pairs gives 
better chromatographic performance than when using tripropylamine 
as the counterion. A N,N-dimethyloctylamine concentration of -0.02 
M was sufficient to give good separation efficiency and symmetrical peaks 
of I-IV. Accordingly, in the following studies, the N,N-dimethyloctyla- 
mine system was used. From Fig. 1 it can be seen that the capacity factors 
of dehydrated 111 and IV are rather high with a NJV-dimethyloctylamine 
concentration of 0.02 M and 28% acetonitrile in pH 8.2 phosphate 
buffer. 


1 


w 
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v) 
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Figure 8-Separation of 1 and its impurities. The mobile phase con- 
sisted of p H  8.0 sodium phosphate buffer containing 0.0194 M N,N- 
dimethyloctylamine and 30% (v lv )  acetonitrile a t  a flow rate of 1 mll 
min. Key: I ,  11 (240 ng); 2, I (268 ng); 3, IV (246 ng); and 4 ,  I l l  (650 
ng) . 


Journal of Pharmaceutical Sciences I 227 
Vol. 71, No. 2, February 1982 







5b 100 
MINUTES 


150 


Figure 9-Degradation rate of X I  to  X I I I .  Initial concentration of X I  
was 1.076 mglml, dissolved i n  mobile phase C without addition of ter- 
tiary amine. 


To optimize the separation time of the four tetracycline substances 
without loss of selectivity and peak symmetry, the influence of the ace- 
tonitrile concentration in the mobile phase on the capacity factor was 
determined. The results are demonstrated in Fig. 7. As expected, there 
is a drastic decrease of the capacity factor of 111 with a small increase in 
the acetonitrile concentration, but the capacity factors of I, 11, and IV 
are influenced only to a limited extent. Figure 8 shows a separation of I, 
11,111, and IV by using a mobile phase consisting of 30% acetonitrile in 
pH 8.0 phosphate buffer and 0.0194 M N,N-dimethyloctylamine as the 
counterion. 


Chromatography of Tetracycline Analogs and  Potential  Im- 
purities-A suitable mobile phase composition to separate tetracycline 
analogs from their impurities was found to be pH 8.0 phosphate buffer 
with 30% acetonitrile and 0.0194 M N,N-dimethyloctylamine as the 
counterion (mobile phase A). The chromatographic data presented in 
Table 111 indicate that some of the substances have rather high capacity 
factors in mobile phase A, giving high retention times. Three alternative 
mobile phases were used, allowing regulation of the capacity factors over 


201 


I 10 


100 200 300 
MINUTES 


Figure 10-Degradation rate of X V I  to  I. Key: X, X V I  (0.994 mglml) 
dissolved i n  p H  2.2 phosphate buffer; and 0, X V I  (1.005 mglml) dis- 
solued in p H  7.5 phosphate buffer. 


0 5 10 15 20 25 30 
t R ,  min 


Figure  11-Separation of I and its impuritres from a tablet extract. 
Conditions were the  same as i n  Fig. 8. Injection o f20  jd of a tablet er- 
tract with a n  initial concentration of 1.231 mglml is shown. Key: I ,  I I ;  
2, I ;  3, I V  (0.15%); 4, unknown impurity or tablet constituent; and 5,  
I l l .  


a wide range. Capacity factors for some of the tetracyclines in mobile 
phases B-D are also presented in Table 111. 


Stability of Tetracyclines-Tetracyclines have been reported (16) 
to undergo some degradation reactions like dehydration (at low pH) and 
epimerization between pH 3 and 5 in water solution. Stability tests of the 
tetracyclines were performed to exclude the possibility that the detected 
impurities were artifacts due to degradation during the chromatographic 
run, and to learn how to handle the dissolved substances before injection 
on the column. The commercial tetracyclines containing potential im- 
purities were dissolved in the mobile phase without addition of the ter- 
tiary amine. A concentration of -1 mg/ml of the tetracyclines was used, 
which allowed detection of the impurities to <0.1%. Repeated injections 
of the solutions were made over a minimum of 70 min, and the quantity 
of impurity was measured. 


Two of the studied tetracycline substances showed significant degra- 
dation during the experimental period. Figure 9 shows the rate of rear- 
rangement of XI to XIII. This study was performed by using a solution 
of XI with an initial concentration of 1.076 mg/ml. The substance was 
dissolved in mobile phase C without addition of the tertiary amine. 


Figure 10 shows the degradation rate of XVI to I measured as percent 
I produced a t  pH 2.2 and 7.5 (phosphate buffer). The initial concentra- 
tions of (XVI) were 0.994 and 1.005 mglml, respectively. Mobile phase 
A was used for the quantitation of I produced. The molecular weights of 
I and XVI are 444 and 602.6, respectively, which means that 73.7% I 
produced corresponds to fully degraded XVI. The discrepancy between 
the theoretical and the observed I levels is not yet clearly understood. 
Compound XVI is a condensation product of I, lysine, and formalde- 
hyde. 


The described experiments show a fast degradation rate of XVI a t  
acidic and neutral pH. This degradation means that there is a potential 
risk of formaldehyde liberation during therapy with XVI preparations. 
The liberation of formaldehyde during the degradation of XVI was de- 
termined by preparing the 2,4-dinitrophenylhydrazone derivative of 
formaldehyde followed by quantitation on a normal-phase column. Due 
to the fast degradation of XI and XVI, use of the described method is not 
recommended in the purity control of the drug substances. 


Puri ty  Control of Tetracycline Substances and Pharmaceutical 
Preparations-Figure 11 demonstrates the separation of tetracycline 
tablet extract containing small amounts of the impurities 11, IV (0.15%), 
and I11 (0.6%). Table IV summarizes the content of impurities found in 
tetracycline, tetracycline analogs, and pharmaceutical preparations. 
There is good correlation of the impurity levels found in the drug sub- 
stances and in the pharmaceutical preparations. 


The precision of the method was evaluated to some extent by analyzing 
six samples containing 1 pg of III/ml. The relative SD was 6.5% a t  this 
Concentration level. A concentration of 1 pglml corresponds to 0.1% im- 
purity by injection of a tetracycline solution containing 1 mg/ml, which 
was the usual concentration of tetracycline used in the purity control 
studies. 
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Standard curves constructed by plotting peak areas versus sample 
concentrations show good linearity in the concentration range for all 
substances, with correlation coefficients >0.9994 in all cases. 
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Abstract  The influence of hydration on the permeability of stripped 
and scalded skins of hairless mice was investigated in uitro using water 
and n-alkanols as test permeants. Irrespective of pretreatment, the 
permeation rates of water, methanol, and ethanol were unaffected by 
aqueous immersion of skin sections in a diffusion cell, consistent with 
earlier data on unprocessed skins. The permeation rates of butanol and 
hexanol also were insensitive to hydration, differing from earlier studies 
on normal, intact skin in which both solutes' rates doubled after 10 hr 
of soaking. Following both pretreatments, the permeability of octanol 
declined over the first 5-10 hr of maceration, but remained invariant 
thereafter. The decline was most pronounced for the scalded skins. With 
untreated skin, octanol permeability initially increased and then declined 
before assuming a constant value. This study indicates that  the barrier 
properties of the epidermis and dermis are not particularly sensitive to 
extended hydration except in the case of octanol. Scalding at 60' for 60 
sec rapidly hydrates the skin, altering tissue permeability to  about the 
same extent as a 10-hr (or longer) immersion in water at 37". Octanol's 
unique hydration profile is explained by locating the origin of perme- 
ability decline in tissue beneath the horny exterior of the skin. 


Keyphrases Permeability-of hairless mouse skin to water and n -  
alkanols after stripping and scalding 0 Absorption, percutaneous- 
influence of stripping and scalding on permeability of water and n-al- 
kanols, hairless mouse skin 0 Hydration-alteration of permeability of 
stripped and scalded mouse skin to water and n-alkanols 
~~~~~~ 


It is known that the permeability of intact hairless 
mouse skin is altered by aqueous maceration, and that 
increases in permeation rates upon extended immersion 
of the skin in saline are a function of chemical structure for 
small, nonelectrolyte penetrants. Thus, the processes of 
hydration are complex, and probably involve more than 


one isolated phase of the skin membrane. A more thorough 
understanding of such hydration phenomena will add to 
the mechanistic understanding of the skin's barrier be- 
havior. 


Recently, effects of hydration on hairless mouse skin 
permeability were examined using water and n-alkanols 
as test permeants (1). These in uitro studies showed that 
hydration-induced permeability increases were a function 
of the penetrant lipophilicity. The permeabilities of the 
polar solutes, water, methanol, and ethanol, were not 
changed by hydration, while the permeabilities of the 
moderately lipophilic compounds, butanol and hexanol, 
asymptotically doubled in 10 hr of hydration. Permeation 
rates of the more lipophilic heptanol also increased to an 
asymptote, but only by -50% in 10 hr. Octanol, the most 
lipophilic solute, showed an initial increase of -50% in 5 
hr, but then declined by -25% by the 10th hr, undergoing 
a net increase in permeability of -25%. 


The skin hydration studies were extended to the Swiss 
mouse using water, methanol, ethanol, and butanol as 
permeants (2). In contrast to the hairless mouse skin re- 
sults, water permeability increased up to 30 hr of hydra- 
tion, and showed signs of leveling off between 30 and 43 hr. 
The permeabilities of methanol and ethanol also increased, 
but plateaued by 15 hr. Permeation rates of butanol in- 
creased over the first 15 hr and then declined almost lin- 
early up to 48 hr. The hydration effect profile differences 
between the Swiss mouse and its hairless counterpart are 
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Abstract 0 A simple equation was derived to describe the relationship 
between the aqueous solubility of sparingly soluble salts (SO)  and the 
empirical Setschenow salting-out constant ( k ) :  k = 0.217/So. This rela- 
tionship and the Setschenow equation were found to be valid only a t  low 
concentrations of added salt. This equation agreed with recently pub- 
lished data when compared for the effect of the chloride ion on the sol- 
ubility of a series of drug hydrochloride salts. The theoretical treatment 
also predicts the curvature which has been reported in literature Set- 
schenow plots at  higher salt concentrations. As the concentration of added 
salt increases, the apparent k value is not constant but is dependent on 
solubility and the rate of change of solubility with added salt concen- 
tration. It was concluded that the Setschenow treatment is generally 
inappropriate for description and analysis of common ion equilibria. 


Keyphrases Hydrochloride salts-relationship of aqueous solubility 
and Setschenow constant 0 Setschenow equation-relationship between 
solubility of hydrochloride salts 0 Common ion equilibria-of hydro- 
chloride salts and Setschenow equation 


In several studies the empirical Setschenow equation 
has been used to describe the effect of the chloride ion on 
the solubility of drug hydrochloride salts (1-5). Although 
this equation was originally proposed to describe salting- 
out phenomena of nonelectrolytes (6), it appeared to ad- 
equately describe suppression of solubility by the common 
ion effect. In other investigations the principles of solu- 
bility product equilibrium were used for describing the 
solubility of drug salts (7, 8). The solubility product 
treatment was essential in studying the solubility of doxy- 
cycline hydrochloride since self-association to form a dimer 
dominated the aqueous solubility (8). 


The present study was initiated to examine the rela- 
tionship between the empirical Setschenow equation and 
rigorous solubility product equilibrium theory. The 
mathematical treatment shows that the apparent Set- 
schenow salting-out constant ( k )  is not a physical chemical 
constant. It is related to solubility or the solubility product 
constant only at  low concentrations of added salt. Due to 
these limitations and the difficulty in detecting self-as- 
sociation of drug, rigorous solubility product relationships 
should be used to describe common ion equilibria of hy- 
drochloride salts. 


THEORY 


The solubility product constant ( K s J  for the hydrochloride salt of a 
weak base is defined as: 


K,, = S [CI-] (Eq. 1) 


where S is the concentration of the protonated base and [CI-] is the 
chloride ion concentration at  equilibrium. The chloride ion concentration 
is expressed as the sum: 


[Cl-J = S + [NaCl] (Eq. '4 
where (NaCI] is the concentration of added salt (8). 


is: 
When [NaCI] = 0, S = So = [Cl-] and the solubility product constant 


K,, = Sg (Eq. 3) 


This equation is valid only when self-association of drug is negligible (8). 
The Setschenow equation can be written: 


S 
S 


log 2 = k [NaCl] (Eq. 4) 


where k is the apparent salting-out constant. I t  is assumed that the 
salting-out behavior is due only to chloride ion, and specific cation effects 
are negligible. Literature data using ammonium or sodium chlorides in- 
dicate that this assumption is valid (4,8). The salting-out constant is the 
slope of a plot of log Sols versus [NaCI]: 


so d log- 
S k = -  


d [NaCI] 
dS -~ 


- d [NaCI] - 
2.303 S (Eq. 5 )  


This equation indicates that the apparent salt.ing-out constant depends 
on the solubility and the rate of change of solubility with added salt 
concentration. The limiting slope a t  low added salt concentration is: 


- lim (a] 
lNacil-o d [NaCl] 


lim k = (Eq. 6 )  
[NaCII-0 2.303 So 


since, as [NaCI] - 0, S - SO. 
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Figure 1-Hypothetical Setschenow plots at thrrr So valurs according 
to  Eqs. 3 and 7 (-). The initial slopes (- - -) were calculated using Eq.  
10. 
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Table I-Comparison of Experimental  and Calculated Salting- 
out  Constants 


25" 37O 
Hydrochloride Salt k%, k L l C  k:xp kLC 


Phenazopyridine 18.06 16.5 
Cyproheptadine 21.18 20.9 
Bromhexine 20.00 21.3 
Tri hexyphenidyl 8.24 12.6 
Isoxsuprine 6.32 7.4 
Chlortetracycline 9.60 9.7 
Methacycline 8.24 5.7 


Demeclocycline 3.73 3.1 
Papaverine 5.09 2.3 


Doxycycline 5.3c 1.8:, 
5.1 


11.57 11.5 
14.80 13.7 
16.78 16.8 
5.66 5.8 
6.30 5.6 
6.52 8.9 
6.36 4.9 
3.60 1.8 
2.68 2.4 
- - 


From Ref. 1 except as noted. * Calculated using Eq. 10. Calculated from the 
data in Ref. 8. Calculated using Eq. 12 and K., = 1.8 X M2 (8). 


From Eqs. 1 and 2 and the quadratic formula, the following expression 
for S is obtained: 


The derivative with respect to [NaCl] is: 


(Eq. 8) 
dS  


and the limit of this differential is: 


- -1 f [NaC1]([NaC1]2 + 4K,p)-1/2 ~- 
d [NaCI] 2 


(Eq. 9) 


Therefore, from Eqs. 6 and 9, the limiting value of the salting-out 
constant has a simple relationship with solubility: 


or in log form: 


log kl = -log So - 0.664 (Es. 11) 


In the absence of self-association, SO and K,, are related by Eq. 3, and 
the limiting value of the salting-out constant can also be written as: 


(Eq. 12) 
0.217 kl =- 
K:$ 


DISCUSSION 
Figure 1 contains hypothetical Setschenow plots which were generated 


a t  solubilities of 0.01,0.025, and 0.05 Musing Eqs. 3 and 7. The range of 
SO and salt concentration were chosen to be similar to that reported 
previously (1) for several drug salts. At each concentration the lines show 
downward curvature with increasing salt concentration. With decreasing 
drug salt solubility the deviations from the initial slope based on Eq. 10 
begin to appear a t  progressively lower concentrations of added salt. 
Curved Setschenow plots of this type were reported for the hydrochloride 
salts of phenazopyridine, cyproheptadine, and bromhexine (1). These 
compounds have solubilities of -0.01 M,  which is consistent with the 
theoretically generated data. More soluble drug salts, as expected, showed 
lower slopes and essentially linear relationships. 


The experimental salting-out constants a t  25 and 37' for several 
compounds are compared in Table I with values calculated from their 
solubilities. Good agreement was obtained in most cases with the largest 
differences appearing with the most soluble salts which have the smallest 
slopes. Papaverine was approximately two times more sensitive to salt 
than would be predicted from its solubility. The calculated and experi- 
mental values for methacycline differ by 30-40%. 


The k e x p  for doxycycline shows poor agreement with the value calcu- 
lated from SO using Eq. 10. This is not unexpected, since doxycycline is 
known to form a dimer and higher order complexes in aqueous solution 
(8). These equilibria cause the apparent solubility product calculated 
from Eq. 3 (13.1 X 
W ) ,  which was determined under conditions where self-association was 
negligible. Thus, the kcalc from Eq. 10 is incorrect because of the solu- 
bility-increasing effect of self-association. Calculations of k using the 
limiting K,,, which is not influenced by self-association, provides a value 
similar to the experimental constant. 


In view of the known self-association of doxycycline, it is surprising 


M 2 )  to be larger than the limiting K,, (1.8 X 
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Figure 2-Relationship between salting-out constant and solubility. 
Key: (-) Eq. 11; (@) 25 and 37O, data from ( l ) ,  for the drugs in Table 
I; (m) observed data for doxycycline hydrochloride; (0) experimental 
k ualue and SO calculated from the  limiting K,, using Eq. 3. 


that  k e x p  is so similar to kcalc. This appears to be due to compensation of 
SO and dSld[NaCI) in Eq. 5. The approximately three-fold higher solu- 
bility (SolK.,'I2) caused by self-association is compensated by a three- 
fold higher salting-out rate estimated from the slope of the plot of S 
versus [NaCl). The added salt may be decreasing the stability of the as- 
sociated species. 


Since the initial slope is most important in a Setschenow plot, and this 
region is most susceptible to the effects of self-association, the use of this 
method may lead to erroneous results. A probable explanation for the 
poor agreement with papaverine and methacycline hydrochlorides is that 
the solubilities (SO)  are anomalously high due to self-association. This 
would be especially likely for methacycline, which is structurally similar 
to doxycycline. Based on the limited doxycycline data, self-association 
appears to have a stronger effect on solubility than it does on the apparent 
salting-out constant. 


The solubility product constant is inversely proportional to the square 
of the salting-out constant (Eq. 12). A doubling in the slope of a Set- 
schenow plot corresponds to a four-fold decrease in Ksv Thus, K,, is a 
more sensitive indicator of common ion effects than the salting-out 
constant. A major disadvantage of the use of Setschenow plots is that  
self-association of the drug cannot be detected. This is not a problem 
when the data are analyzed according to the principles of solubility 
product equilibrium since the apparent Ksp, calculated as the product 
of solubility and chloride concentrations, will not be constant (8). 


The existence of a linear correlation between log k and log SO has been 
shown (1). More soluble drug salts were found to have smaller salting-out 
constants. These observations are theoretically predicted by Eq. 11. In 
Fig. 2 the salting-out constant and solubility of the drug salts in Table 
I are plotted according to Eq. 11. The experimental data show good 
agreement with the theoretical line of slope = -1.0. Points for doxycy- 
cline, papaverine, and methacycline lie above the line, which is consistent 
with the proposed self-association of these compounds. 


Few of the drugs deviate negatively from the theoretically predicted 
relationship. Trihexyphenidyl a t  25" and chlortetracycline a t  37" are 
below the line, but a t  the other temperature these compounds show 
satisfactory agreement. These apparent deviations cannot be explained 
a t  present. 


The results of this study indicate that the Setschenow treatment, 
originally proposed to describe salting-out of nonelectrolytes, is inap- 
propriate for description of common ion equilibria of hydrochloride salts. 
Data analysis based on solubility product equilibrium theory is a more 
satisfactory approach. 
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Abstract  An assay is described for the determination of the Hz-re- 
ceptor antagonist, cimetidine, in human plasma and urine. Alkalinized 
plasma or urine was extracted with methylene chloride, the organic phase 
was evaporated, and the reconstituted residue was analysed by high- 
pressure liquid chromatography (HPLC) using a reversed-phase pre- 
packed plastic column housed in a radial compression module. The me- 
tabolite, cimetidine sulfoxide, was identified but could not be quantitated 
due to interference from the solvent front. The sensitivity limit of the 
assay was 25 ng/ml. The assay was applied to the measurement of plasma 
and urine samples in a pilot pharmacokinetic study. Cimetidine was 
substantially absorbed and rapidly eliminated (plasma elimination 
half-life of 112-130 min). Plasma cimetidine concentrations could be 
measured to 12 hr after a 200-mg dose (iv or oral), but they were below 
the sensitivity of the assay by 24 hr. Urinary excretion of unmetabolized 
cimetidine accounted for 4&50% of the administered dose in the first 12 
hr. This assay is simpler and more sensitive than those previously de- 
scribed, and it is suitable for the measurement of cimetidine in plasma 
and urine of subjects receiving doses appropriate for clinical use. 


Keyphrases Cimetidine-high-pressure liquid chromatographic 
analysis in plasma and urine High-pressure liquid chromatogra- 
phy-analysis, cimetidine, human plasma and urine 0 Hn-Receptor 
antagonists-cimetidine, high-pressure liquid chromatographic analysis 
in plasma and urine 


The Hz-receptor antagonist, cimetidine, profoundly 
inhibits gastric acid secretion and is effective in the 
treatment of gastric and duodenal ulcers (1). Studies have 
shown that the degree of inhibition of gastric acid secretion 
is related to cimetidine plasma level measurements (2). 


Chromatographic assays for the measurement of blood, 
plasma, and urine concentrations of cimetidine have been 
published. The sample treatment in these methods is 
complex and involves multiple extraction steps (3, 4). 
Moreover, samples are chromatographed on silica-based 
column packing which is likely to limit the column's effi- 
ciency and life under alkaline conditions. A simple mi- 
cromethod for the estimation of plasma cimetidine has also 
been reported (5). This method exhibited low precision and 
sensitivity, as well as lengthy chromatography. 


A more sensitive liquid chromatographic method for 
measuring cimetidine in plasma and urine, using a simple, 
single extraction step in sample treatment, is reported. 
Chromatography is rapid and conducted on a column 


system1P2 which recently has become commercially avail- 
able. These columns operate under conditions that pro- 
duce greater column efficiency and allow longer column 
life. This method has been applied to a pilot study on a 
patient with a gastric ulcer, in which the influence of a 
6-week course of cimetidine (1 g/day) on its own disposi- 
tion and elimination is investigated. 


EXPERIMENTAL 


Instrumentation-A constant flow high-pressure liquid chromato- 
graph3 was used for all assays. This consisted of a solvent delivery sys- 
tern4, a universal injector5, and a variable wavelength UV absorbance 
detector6 operating a t  228 nm. The plastic column was obtained pre- 
packed' (100 mm X 8-mm id . )  and was housed in a radial compression 
module2 which maintained external column pressure at -2500 psi. 


Reagents-Pure samples of cimetidine, cimetidine sulfoxide, and the 
internal standard, burimamide, were obtained7. The HPLC mobile phase 
contained UV grade acetonitriles, t r ie th~lamine~,  phosphoric acidlo, and 
glass-distilled water. 


Calibration Standards-A pool of drug-free plasma was spiked with 
pure cimetidine to a concentration of 5000 ng/ml. By a series of quanti- 
tative double dilutions with additional drug-free plasma, standards of 
2500, 1250, 625, and 312.5 ng/ml were prepared and stored a t  -20'. 
Similarly, drug-free urine was spiked with pure cimetidine to a concen- 
tration of 200 pg/ml and diluted to prepare standards of 100,50, and 25 
Fglrnl. Calibration curves were prepared by plotting the relationship 
between the peak height ratios of cimetidine-burimamide and the 
cimetidine concentration in each sample. 


Recoveries of cimetidine and burimamide from plasma or urine were 
estimated by comparing the peak height of cimetidine obtained after 
extraction, against that  obtained when the same amount of cimetidine 
from an aqueous stock solution was chromatographed. 


Extract ion of Plasma-Burimamide (internal standard, 10 pg/ml, 
200 pl), NaOH (2 M, 0.5 ml), and methylene chloride (20 ml) were added 
to 1.0 ml of plasma in a 30-ml glass tube. After vortex mixing (60 sec) and 
centrifugation (3000 rpm, 10 min), the organic layer was carefully 
transferred into a second tube and evaporated under a gentle stream of 
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Abstract  An assay is described for the determination of the Hz-re- 
ceptor antagonist, cimetidine, in human plasma and urine. Alkalinized 
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The Hz-receptor antagonist, cimetidine, profoundly 
inhibits gastric acid secretion and is effective in the 
treatment of gastric and duodenal ulcers (1). Studies have 
shown that the degree of inhibition of gastric acid secretion 
is related to cimetidine plasma level measurements (2). 


Chromatographic assays for the measurement of blood, 
plasma, and urine concentrations of cimetidine have been 
published. The sample treatment in these methods is 
complex and involves multiple extraction steps (3, 4). 
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ciency and life under alkaline conditions. A simple mi- 
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measuring cimetidine in plasma and urine, using a simple, 
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Chromatography is rapid and conducted on a column 
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able. These columns operate under conditions that pro- 
duce greater column efficiency and allow longer column 
life. This method has been applied to a pilot study on a 
patient with a gastric ulcer, in which the influence of a 
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tion and elimination is investigated. 
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tative double dilutions with additional drug-free plasma, standards of 
2500, 1250, 625, and 312.5 ng/ml were prepared and stored a t  -20'. 
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Table I-Pharmacokinetic Parameters  and Cumulative Urinary 
Excretion Data  for Cimetidine a 


Pharmacokinetic Study Number 
Parameters I I1 Ill IV 


Dose, mg 200 200 200 200 
Route iv oral oral iv 
AUCoAp,, ng min/ml X 350.2 308.0 315.8 487.3 
t 1 Iva. min 129.7 122.8 114.8 112.6 .,"~, ~~~ 


Cl,, ml/min 
Vdo, liters 
F, X lo2 
Cumulative percent of dose 
excreted in urine: 


4 hr 
8 hr 


12 hr 
24 hr 


563.6 563.6 406.8 406.8 
105.5 99.9 67.4 66.1 
- 89.3 65.8 - 


35.2 29.0 26.7 31.2 
46.8 37.4 36.0 36.0 
49.1 41.1 38.8 38.0 
50.1 44.4 40.4 38.8 


a Studies 1 and II were undertaken before B 6-week course ofcimetidine ( 1  g/day), 
while 111 and IV were undertaken immediately after the course of therapv. ( A (  I) ._ 
= area under the plasma concentration-time curve; t1,26 = terminal elimination 
phase half-life; C'/s = systemic clearance. V d j  = wlume of distribution; F = bio- 
availability fraction.) 


nitrogen at  45". The residue was reconstituted in 100 pi of the chroma- 
tographic mobile phase and 40 pl was injected onto the liquid chroma- 
tograph. 


Extraction of Urine-Burimamide (1 mg/ml, 25 pl), NaOH (2 M, 
100 pl), and methylene chloride (5 ml) were added to 250 pi  of urine in 
a 30-1111 glass tube, and the sample was treated as described for the 
plasma. Only 20 pI of the reconstituted residue was injected onto the 
chromatograph. 


Chromatography-The mohile phase was 1% triethylamine and 5% 
acetonitrile in water, adjusted to pH 3 with phosphoric acid (85% v/v). 
The flow rate was 3 ml/min at a back pressure of' 1500 psi. The retention 
times of burimamide and cimetidine were 2.4 and 3.8 min, respectively. 
Under these conditions the peaks were resolved completely to hase- 
line. 


Patient Sampling-The effect of a course of cimetidine on drug dis- 
position was assessed in a pilot study of a female patient with a gastric 
ulcer (age, 49 years; weight, 59 kg). The patient underwent intravenous 
and oral pharmacokinetic studies before and after a 6-week course of 
cimetidine. After an overnight fast, the patient received a 200-mg/15-ml 
dose iu of cimetidine over 5 min (Table I, Study I). Venous blood samples 
(10 ml) were withdrawn before the cimetidine dose and a t  intervals to 
24 hr. Urine was also collected predose and over a 24-hr period. At 48 hr, 
after an overnight fast, a 200-mg tablet of cimetidine was administered 
with 150 ml of water (Table I, Study 11). Blood and urine were again 
collected over a 24-hr period. The patient then began a 6-week course of 
cimetidine (200 mg three times daily and 400 mg at  night). Twenty four 
hours after the final dose, the oral and intravenous pharmacokinetic 
studies were repeated (Table I, Studies I11 and IV).  In all studies food 
was withheld for the first 3 hr. Thereafter a standard meal was supplied. 
and free access to water was allowed. 


Calculations-Pharmacokinetic parameters were derived from the 
plasma cimetidine concentration uersus time data, using the nonlinear 
least squares regression program, AUTOAN (6). and standard phar- 
macokinetic formula (7). 


RESULTS AND DISCUSSION 


Column effluent was monitored at 228 nm, since this corresponds to 
the wavelength of maximum IIV absorbance of cimetidine. For the 
chromatographic separation of cimetidine, the radial compression column 
system offers several advantages over the stainless steel, packed re- 
versed-phase columns. Chromatography is faster and more efficient, 
enhancing sensitivity. The columns are less expensive and more robust, 
and the use of an acidified mobile phase (pH 3) containing triethylamine 
gives longer column life. 


Single step extraction with methylene chloride results in simple sample 
preparation. Figure 1 (A and B) shows the chromatograms of a blank 
predose plasma extract and a plasma extract obtained after a single oral 
dose of cimetidine. Plasma from the patient receiving cimetidine showed 
a distinct peak at 3.8 min, which represented 801 ng/ml of cimetidine. 
No peaks corresponding to the cimetidine sulfoxide metabolite were 
present. Figure 1(C) shows the chromatogram of 100 ng of each of the 
reference compounds, cimetidine sulfoxide, hurimamide, and cimetidine, 
injected as an aqueous solution. There is satisfactory separation of 
cimetidine from both the internal standard and the sulfoxide metabolite. 
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Figure 1-High-pressure liquid chromatograms for a blank plasma 
extract (A); an extract of a plasma sample obtained from a patient who 
received a single dose of cimetidine (cimetidine concentration = 801 
ng/ml) (B); and reference compounds showing the injection euent (I), 
cimetidine sulfoxide (2), the internal standard, burimamide (3), and 
cimetidine (4), for which 100 ng of each compound was injected a s  a 
mixed solution in the mobile phase (C). 


In the chromatograms of some patients' plasma samples, a single broad 
peak eluted a t  32 min. This peak was attributed to a cimetidine metab- 
olite because it was absent from predose sample chromatograms. How- 
ever, it could not be identified, since appropriate pure metabolite stan- 
dards were unavailable. 


Chromatograms of blank urine and a urine specimen collected after 
a single intravenous dose of cimetidine are shown in Fig. 2. Due to the 
much higher concentrations of cimetidine in urine, the detector attenu- 
ation was reduced. The late-eluting component seen in some plasma 
chromatograms was not seen in any urine chromatograms, suggesting that 
this presumed metabolite is not excreted in urine in significant 
amounts. 


Cimetidine sulfoxide, which has been identified as a major metabolite 
of cimetidine (a), did not interfere with the assay. Although this metab- 
olite appeared in the chromatogram of an aqueous stock solution a t  a 
retention time of 1.7 min (Fig. lC), it was not possible to quantitate it due 
to interference from the solvent front. 
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Figure 2-High-pressure liquid chromatograms for a blank urine ex-  
tract (A) ;  and a n  extract of urine sample obtained from a pat ient  who 
had receiued a single dose of cimetidine (cimetidine concentration = 
156 Fg/mll (R).  T h e  peaks are t h e  injection event ( I ) ;  t h e  internal 
standard, burimamide (3); and cimetidine (4) .  


Methylene chloride was chosen as the extraction solvent because it gave 
optimal recovery of cimetidine with minimal extraction of endogenous 
components that  might have interfered with quantitation. Analytical 
recoveries of cimetidine and burimamide were 60 and 31%, respectively. 
The limit of detection for both cimetidine and burimamide in plasma was 
25 ng/ml, which gave peaks four times that of the baseline noise a t  the 
highest detector sensitivity. Ranitidine and oxmetidine, two other Hz- 
receptor antagonists under clinical evaluation, did not interfere with the 
assay. 


The precision of the assay was assessed by replicate assays of aliquots 
of the same sample spiked with pure cimetidine. The coefficient of 
variation for same-day assays of plasma cimetidine levels was 4.6% a t  lo00 
ng/ml (n  = 6); for urine i t  was 0.4% at 55 pg/ml (n  = 7). The coefficient 
of variation of day-to-day assays of plasma cimetidine levels over 4 weeks 
was 6.6% a t  960 ng/ml ( n  = 9). The value for urine over the same period 
was 3% a t  54 gg/ml ( n  = 5). The accuracy of cimetidine determination 
was not influenced by dried methylene chloride-extracted residue, stored 
for up to 5 days a t  20”. 


This method can be readily extended to the assay of burimamide, al- 
though this Hz-receptor antagonist is now only used in animal experi- 
ments. For burimamide assays, cimetidine is used as the internal stan- 
dard. This approach has been successfully applied to the analysis of 
burimamide in samples obtained from animal studies. 


The assay was applied to the measurement of plasma samples obtained 
from a pilot pharmacokinetic study. Figure 3 shows the semilogarithmic 
plot of plasma cimetidine concentrations following intravenous and oral 
doses, which were administered before (Table I, Studies I and 11) and 
after (Table 1, Studies 111 and IV) a 6-week course of cimetidine. The 
resultant pharmacokinetic and urinary excretion data for this patient 
are presented in Table I. 


In all studies, plasma cimetidine could be estimated only to 12 hr, since 
by 24 hr, concentrations were below the sensitivity of the assay (25 ng/ml). 
The pharmacokinetic results agree with earlier studies (9,lO) and show 
that oral cimetidine is substantially absorbed and that both oral and 
intravenous cimetidine undergo rapid elimination. The urinary excretion 
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Figure 3-Semilogarithmic plot of t h e  mean plasma cimetidine con- 
centrat ion versus t i m e  following intravenous and oral administration 
of cimetidine to  a pat ient  before and a f ter  a 6-u~eek course of  treatment 
wi th  cimetidine. Key:  Pretreatment: (A) 200 mg,  iv; (0) 200 mg, oral. 
Post treatment:  (A) 200 mg,  iu; (0) 200 mg, oral. 


data (Table I) confirm that renal clearance of unmetabolized drug is an 
important route of elimination. Approximately 40-50% of an adminis- 
tered dose is excreted unchanged in urine within the first 12 hr. 


In contrast to an earlier study (lo), the 6-week course of treatment in 
the patient appeared to alter the disposition of cimetidine (Table I). 
However, no firm conclusions can be drawn from this pilot study in one 
patient, and further studies are now under way. 


Advantages of this assay over earlier published methods are increased 
precision and sensitivity (2-4-fold) resulting from improved chromato- 
graphic conditions. In addition, sample treatment has been kept simple. 
From the pilot pharmacokinetic study, it is apparent that the proposed 
method is sufficiently sensitive and specific for cimetidine quantitation 
in both plasma and urine, when clinically used doses are administered. 
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Enhanced Rectal Bioavailability of Polypeptides 
Using Sodium 5-Methoxysalicylate as an 
Absorption Promoter 
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Abstract The absorption-promoting effect of sodium 5-methoxysal- 
icylate was studied in the rat with respect to rectal delivery of penta- 
gastrin and gastrin. Rectal bioavailability was quantitated by direct 
comparison of pharmacological effect with intravenous dose response. 
Coadministration of the absorption adjuvant greatly enhanced the rectal 
bioavailability of the model polypeptides. Sodium 5-methoxysalicylate, 
therefore, is representative of a new type of absorption promoter which 
appears to facilitate rectal absorption of polypeptide drug entities. 


Keyphrases 0 Bioavailability-rectal, absorption of small polypeptides, 
rats Polypeptides-pentagastrin and gastrin, rectal bioavailability, 
rats Adjuvant-absorption effect of sodium 5-methoxysalicylate, 
rats 


Parenteral injection has long been the only reliable 
method to administer polypeptide drugs. Successful oral 
dosage forms of biologically active polypeptides have 
traditionally been elusive (1). However, there has been 
some limited success using the rectal delivery route as an 
alternative to the parenteral route. 


Surface-active agents have been shown to increase rectal 
absorption of water-soluble polypeptides such as insulin 
(2). More recently, enhanced rectal delivery of theophylline 
and lidocaine using sodium salicylate as an absorption 
promoter was reported (3,4),  and enhanced rectal delivery 
of insulin in rats using 5-methoxysalicylate as an absorp- 
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Figure 1-Intravenous dose response of total gastric acid secretion 
followkg intravenous administration of gastrin (A) and pentagastrin 
(0) to anesthetized rats. The  drug dosages were 12.5, 44.0, and 125 
pglkg. The  error bars represent standard deviations with n =6. 


tion adjuvant has been demonstrated (5). The use of sali- 
cylates as rectal absorption adjuvants represents a diver- 
gence from the traditional surfactant-enhanced delivery 
of poorly absorbed drugs. Furthermore, nontoxic salt forms 
of salicylate appear to be less tissue damaging than sur- 
factant-type absorption adjuvants (3,6). 


The present study was designed to evaluate the feasi- 
bility of rectal delivery of small polypeptides using 5- 
methoxysalicylate as an absorption promoter. 


EXPERIMENTAL 


Male Long-Evans rats, 230-290 g, were fasted 36 hr prior to experi- 
mentation. Rats were anesthetized with pentobarbital sodium (50 mg/kg 
ip) and surgically prepared for gastric perfusion according to the method 
of Ghosh and Schild (7). The stomachs were rinsed and ultimately per- 
fused with 20 ml of physiological saline solution. The perfusion rate was 
2 ml/min provided by a peristaltic pump. Perfusate and rat body tem- 
perature were held constant a t  3%' and the pH of the perfusate was held 
constant at 4.0' with 0.05 N NaOH as the titrant. Stomach acid output 
was continuously monitored by recording the amount of titrant required 
to  maintain a constant pH with respect to time. 


The target polypeptides for rectal delivery were pentagastrin2 (5 
residues) and gastrin3 (17 residues). Aqueous polypeptide solutions were 
made up and adjusted to pH 8.0 using ammonium hydroxide and the ionic 
strength was adjusted to p = 0.15 with sodium chloride. Polypeptide 
concentration in these solutions was 250 pg/ml. Both pentagastrin and 
gastrin were administered intravenously (external jugular) to obtain 
dose-response curves. 


Identical drug solutions were also administered rectally as microenema 
formulations (0.5 ml/kg) with or without the addition of 50 mglml of 
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Figure 2-Typical, single animal profiles of gastric acid secretion fol- 
lowing administration of pentagastrin and gastrin to  anesthetized rats.. 
T h e  solutions were administered: intravenous with 125 p g  polypep- 
tidelkg in saline (0); rectally with 125 pg polypeptidelkg in saline, p H  
8.0 (0);  and rectally with 125 pg polypeptidelkg rat and 25 mg 5- 
methoxysalicylatelkg rat in saline, pH 8.0 (A) .  


pH Stat, Radiometer, Copenhagen. 
Peptavalon, Ayerst Laboratories, Inc. 
Porcine intrail mucosa, Sigma. A mixture of gastrin I and gastrin I1 prepared 


through Sephadex stage as described by Gregory and Tracy (8). 
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Table I-Total Amount of Gastric Secretion Stimulated by Pentagastrin 


Gastric Acid Secreted, X10-5 mole 
Intravenous Administration Microenema 125 pg/kga 


Experiment No. 12.5" 44" 125" No Adjuvant Adjuvant 


1 3.3 
2 4.8 
3 6.0 
4 5.5 
5 4.2 
6 5.0 
Mean 4.8 
SD 0.9 
Pharmacologic effect 


Bioavailabilitvc. % 
Relative to Intravenous, % 


10.0 
9.1 


14.0 
15.9 
17.0 
18.8 
14.1 
3.5 


22.6 
15.9 
19.2 
29.6 
18.0 
13.5 
19.8 
5.2 


100 


100 (defined) 


2.9 
0.6 
2.3 
1.0 
0.2 
2.7 
1.6 
1.1 
8 


6 


21.4 
12.5 
10.6 
11.3 
10.4 
10.3 
12.9 
3.9 


65 


33 


a Dose of pentagastrin (pg/kg). Sodium 5-methoxysalicylate (25 mg/kg). c Based on dose-response curve, effect uersus log dose. 


Table 11-Total Amount of Gastric Secretion Stimulated by Gastrin 


Experiment Number 


Gastric Acid Secreted, X10-5 mole 
Intravenous Administration Microenema, 125 pg/kg" 


12.5" 44" 125" No Adjuvant Adjuvant 


1 3.8 
2 2.8 
3 1.7 
4 2.1 
5 1.4 
6 2.4 
Mean 2.4 
SD 0.8 
Pharmacologic effect 


Bioavailabilitvc. % 
Relative to intravenous, % 


6.4 
5.6 


11.3 
8.6 
9.5 
5.3 
1.8 
2.2 


7.6 
14.1 
8.9 


14.6 
10.4 
12.2 
11.3 
2.6 


100 


0 
0 
0 
0 
0 
0 
0 


0.0 


100 (defined) - 


4.6 
1.6 
7.3 
4.6 
4.4 
6.9 
4.9 
1.9 


43 


18 


a Dose of gastrin (pg/kg). b Sodium 5-methoxysalicylate (25 mg/kg). Based on dose response curve, effect versus log dose. 


sodium 5-methoxysalicylate. After the addition of the sodium 5- 
methoxysalicylate as a potential absorption adjuvant, the microenema 
was readjusted to pH 8.0 before administration. As a separate control, 
a solution of 5-methoxysalicylate without the polypeptides was admin- 
istered. 


RESULTS AND DISCUSSION 


Gastrin-like compounds were chosen for this study for several reasons. 
Gastric acid secretion is relatively easy to monitor in a test animal and 
a t  the same time is particularly sensitive to circulating hormone levels. 
The relationship between pharmacological response and the logarithm 
of the intravenous dose is relatively linear over a significant dosage range 
(Fig. l)4. This allows for a reasonable bioavailability assessment of the 
rectally administered aqueous polypeptide solutions by comparing the 
pharmacological effect with the intravenous dose-response curve. 


Figure 2 shows typical, single animal plots of gastric acid secretion rate 
after intravenous or rectal administration of both pentagastrin and 
gastrin at doses of 125 pg/kg. The area under the curve represents the 
total amount of gastric acid secretion in response to administration of 
either pentagastrin or gastrin in the presence or absence of adjuvant. The 
time course of the pharmacological response following intravenous ad- 
ministration did not decline in an apparent zero-order fashion and, 
therefore, may not directly represent the logarithm of the drug-plasma 
concentration. Nevertheless, the response profiles are similar regardless 
of administration route and should allow for a reasonable rectal bio- 
availability assessment based on the intravenous dose response. 


Rectal administration of 125 pg/kg of pentagastrin resulted in only 6 
f 4% bioavailability relative to intravenous dose response (uncertainties 
are expressed as standard deviations) (Table I). The addition of 5 mg of 
sodium 5-methoxysalicylate to the microenema resulted in a bioavail- 
ability of 33 f lo%, a five-fold increase in drug delivery to the active site. 
The rectal administration of 125 pg/kg of gastrin without the absorption 
adjuvant resulted in no detecetable response (Table 11). However, the 


The response to higher dosage appears to be more variable than the response 
in the lower dosage range. 


addition of the absorption adjuvant to the microenema resulted in 18 f 
7% drug delivery. 


In a separate series of experiments, the concentration of absorption 
adjuvant in the microenema formulations was lowered from 5 to 1% (w/v). 
In these experiments the bioavailability of rectally administered gastrin 
was only 8%, suggesting a dose-response relationship between adjuvant 
concentration and the absorption promoting effect. 


The microenema formulations containing 5% sodium 5-methoxysali- 
cylate are hyperosmotic. In control experiments in which an osmolar 
equivalent of sodium chloride was substituted for the adjuvant, no en- 
hancement of rectal absorption was seen due to an osmolarity effect. 
Additional control experiments in which 5-methoxysalicylate was ad- 
ministered rectally without the polypeptide hormone produced no change 
in stomach acid output. Thus, the observed improvement in rectal 
polypeptide delivery must be attributed to the adjuvant, which appears 
to effect a temporary change in the normal mucosal permeability of the 
rectal compartment. 


From this study, it is apparent that  sodium 5-methoxysalicylate is 
representative of a new type of absorption promoter which facilitates 
nonparenteral polypeptide drug delivery. As nonparenteral alternatives, 
rectal dosage forms such as microenemas and suppositories may offer a 
convenient means of expanding polypeptide drug therapy beyond the 
clinical setting. 
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Decreases in Ciliary Beat Frequency Due to Intranasal 
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Abstract Recently the intranasal application of 5% propranolol was 
proposed in order to prevent the extensive first-pass metabolism of this 
drug. The ciliary epithelium in the nose affects the removal of dust, al- 
lergens, and microorganisms. The decreasing effect of propranolol on the 
ciliary heat frequency of human adenoid tissue and chicken embryo 
tracheas was measured with a photoelectric registration device. After 
nasal application of 5% propranolol, the drop is diluted by the nasal 
mucus. It was found that even 0.1% propranolol had a deleterious effect 
on the cilia of chicken and human tissue. Ciliary movement was arrested 
irreversibly within 20 min. 


Keyphrases Propranolol-decrease in ciliary beat frequency due to 
intranasal administration Intranasal administration-propranolol, 
decrease in ciliary heat frequency Ciliary movement-decrease due 
to intranasal administration of propranolol 


The extensive use of nasal drops necessitated the in- 
vestigation of the effects of nasal medication on the ciliary 
beat frequency. The nasal ciliary epithelium effects the 
removal of dust, allergens, and microorganisms that are 
precipitated after inhalation. This nasal clearance is a 
physiological defense mechanism which should not be 
disturbed. A method has been developed to investigate the 
influence of drugs on the ciliary beat frequency (1 1. With 
this method the ciliary beat frequency of chicken embryo 
tracheas is measured with a photoelectric registration 
device. The effects of preservatives (2) and nasal drops (3) 
have been investigated previously. A good correlation has 
been found between the ciliary beat frequency of ciliary 
epithelium of human adenoids and of chicken embryo 
tracheas (4). Recently, the intranasal application of pro- 
pranolol has been suggested in order to prevent the first- 
pass effect of this drug after oral administration (5). As 
propranolol is used in chronic therapies, the effects of in- 
tranasal application on the ciliary beat frequency may be 


I !A 
10 20 30 120 


MINUTES 
Figure I-Time versus ciliary beat frequencyplot: effect of0.10/6 pro- 
pranolol hydrochloride on the cilia of human adenoids and chicken 
embryo tracheas. Locke-Ringer (LR) solution was used as a reference. 
Key: (D), human; (O),  chicken; (e), Locke-Ringer. 


Table  I-The Decreasing Effect of Propranolol on the Ciliary 
Beat Frequency of Chicken Embryo Tracheal  Epithelium and 
Human  Adenoid Epithelium 


Compound 


Freauencv". % - " .  
Time 


2min 10min 20min Species 


Propranolol hydrochloride, 1% 0 0 0 Chicken 
Propranolol hydrochloride, 0.1% 70 8 0 Chicken 
Propranolol hydrochloride, 0.1% 77 25 0 Human 


Frequency as a percentage of the initial frequency. 


important. Therefore, the effect of propranolol on the 
ciliary beat frequency of chicken embryo tracheas and 
human adenoid tissue was investigated. 


EXPERIMENTAL 


The effects of a solution containing 1% propranolol hydrochloridel, 
made isotonic with sodium chloride and of a 10-fold dilution of this so- 
lution in Locke-Ringer, were investigated. Both solutions were adjusted 
to  pH 7.4. The effects on the ciliary beat frequency were assessed on six 
different tracheas for each concentration and for the reference (Locke- 
Ringer) and on pieces of six different human adenoids for the 10-fold 
dilution and the reference. 


RESULTS 


The effects of 1 and 0.1% propranolol are demonstrated in Table I. 
Frequencies are listed as a percentage of the frequency just before the 
start of the experiments. The solution containing 1% propranolol arrested 
ciliary movement of chicken embryo tracheas within 2 min. The 10-fold 
dilution arrested the ciliary movement of both human adenoids and 
chicken embryo tracheas within 20 min. This effect was irreversible: 
rinsing with Locke-Ringer solution after a 20-min contact with 0.1% 
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DISCUSSION 
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therefore, the investigation began with 1% propranolol which had a del- 
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ABSTRACT 0 Dimethicone polymeric rods were made to contain 0.3, 
2.0, or 3.3% by weight of indomethacin. For each different loading of in- 
domethacin, some of the rods were treated with ethylene oxide a t  55' for 
1 hr, while others were not exposed to the gas. Treated and untreated rods 
were sliced, placed in ethanol to extract the indomethacin, and the con- 
centrations of indomethacin in the extracts determined by fluorometry 
and high-performance liquid chromatography (HPLC). After ethylene 
oxide treatment, the quantity of indomethacin in the extracts was sig- 
nificantly reduced in rods containing 0.3 and 2.0% indomethacin. For the 
rods containing 3.3% indomethacin, the recovery of the drug from treated 
rods was not significantly different from those not exposed. 


Keyphrases 0 Ethylene oxide-extraction of indomethacin from di- 
methicone polymeric rods Indomethacin-dimethicone polymeric rods, 
influence of ethylene oxide exposure 0 Polymeric rods-dimethicone, 
ethylene oxide e-cposure on extraction of indomethacin Fluorome- 
try-determination of influence of ethylene oxide exposure on the ex- 
traction of indomethacin from dimethicone polymeric rods a High- 
performance liquid chromatography-determination of influence of 
ethylene oxide exposure on the extraction of indomethacin from di- 
methicone polymer rods 


The development of simple systems or devices for drug 
delivery over extended periods has potentially wide usage, 
especially for delivery of compounds to selected sites in the 
body. In this regard, experiments have been performed 
with a system which can provide a sustained release of 
nonsteroidal anti-inflammatory drugs such as indo- 
methacin or naproxen from dimethicone polymeric rods 
(1). In these and other studies (2 ,3)  the quantity of drug 
released in uivo is determined by measuring the residual 
amount of drug in the rods at various time periods and 
subtracting it from values from similar rods prepared in 
an identical manner but which were not placed in the body. 
The measurements are performed on ethanolic or 
methanolic extracts of the rods. 


Before being fitted into the body, such rods must be 
sterilized. Since autoclaving and chemical methods (such 
as placing in aqueous ethanol) appear unsuitable for this 
system, ethylene oxide gas treatment has been used. 


The present study indicates that by using this method 
of sterilization, there is a decrease in the percentage of 
indomethacin that can be extracted into ethanol from rods 
containing the drug at low concentrations (<3% wlw). 


EXPERIMENTAL 


Indomethacin' was recrystallized, dried, and either 0,10,60, or 100 mg 
was thoroughly mixed with 3 g of dimethicone2. Following the addition 
of catalyst (15 mg) the different mixtures were forced into vinyl tubing 
(french gauge 5, 1-mm i.dJ3 and allowed to polymerize. Rods of 1-cm 
length were cut and weighed and either stored a t  room temperature or 
subjected to ethylene oxide exposure (1.2-1.4 g/liter) in a stainless steel 
sterilizer4. In this apparatus the gas was released from ampuls into a 
chamber initially evacuated to 150 mm Hg. Following exposure to the 
gas for 1 hr a t  55', the rods were aerated for a t  least 12 hr and left for 2 
days a t  room temperature. 


Rods containing indomethacin were weighed, cut into thin slices, and 
the drug extracted with ethanol (2 rnl/day for 4 days). The amounts of 
indomethacin in the extracts were determined by fluorometry and HPLC 
with standard solutions of indomethacin prepared from the recrystallized 
compound. For the fluorometric analysis, samples were assayed in du- 
plicate using a spectrophotofl~orometer~ with an excitation wavelength 
of 295 nm and an emission wavelength of 361 nm. Continuous scan re- 
cordings over an emission range of 300 to 450 nm (constant excitation 
wavelength of 295 nm) were also made of certain extracts of the gassed 
and nongassed rods. For HPLC, 10 pl samples were injected into a C18 
p Bondapak column6 with a mobile phase of methanol-50 mM KHzPO4 
(311, pH 6.72, and a flow rate of 2 ml/min. The UV absorbance at  230 nm 
of the column eluate was continuously recorded with a variable wave- 
length UV detector6. Heights of the peaks corresponding in position to 
the indomethacin standards were measured to determine the amounts 
of indomethacin in the extracts. These amounts, compared with those 
determined to be present initially on the basis of the quantity of indo- 
methacin in the mixture and the weight of each rod, were used to calculate 
percentage recoveries. 


RESULTS 


For the rods not subjected to ethylene oxide exposure, over 90% of the 
incorporated indomethacin was recovered into ethanol when measure- 
ments on the extracts were made by fluorometry (Fig. 1). This was con- 
firmed by HPLC of the extracts of rods made from the 60 and 100 mg/ 
mixture. (The HPLC system used did not allow a reliable measurement 
of indomethacin in the extracts obtained from the 10 mg/mixture rods 
as the peaks assigned to indomethacin were not sufficiently large to be 
accurately quantitated.) Following ethylene oxide treatment, however, 
the recovery of indomethacin into alcohol was significantly reduced for 
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Figure 1-Mean percentage recovery of indomethacin from dimethi- 
cone rods a t  different concentrations following ethylene oxide treatment 
(hatched bars). Standard deviations and the number of rods extracted 
in each group are shown. Results of gassed and ungassed rods a t  each 
indomethacin concentration were compared by t test analysis. This 
revealed no significant difference for the rods containing 100 mg of in- 
domethacinlmirture. For the 60- and 10-mglmixture groups, however, 
p values were <0.01 and <O.OOl, respectively. 


the 10 and 60 mg/mixture rods (Fig. 1). There was also a slight reduction 
in the recoveries for the 100 mg/mixture rods, but this difference was not 
significant, as determined by t test analysis, from the ungassed rods. 


Continuous scan recording by the fluorometer showed no change in 
the shape of the curves obtained from the analysis of extracts of gassed 
rods, and no additional peaks were seen in the trace recordings of the 
HPLC analysis. 


DISCUSSION 


These results provide evidence that ethylene oxide treatment reduces 
the extraction into alcohol of a common nonsteroidal anti-inflammatory 


COMMUNICA TIONS 


drug incorporated into a dimethicone delivery system. This effect was 
dependent upon the concentration of the drug, with the lower doses (10 
and 60 mg/mixture) being most affected. For the rods made from 100 mg 
indomethacin/mixture, over 90% of the drug was recovered after gassing, 
indicating that rods made to contain the drug at this concentration would 
be suitable for studies of indomethacin release rates from dimethicone 
rods placed in the body. The similarity in profiles of the extracts from 
the gassed and nongassed rods (continuous fluorometric scan and HPLC 
tracings) suggest that no alteration in the qualitative composition of the 
extracts occurred. The reasons for the reduced recoveries of indomethacin 
at the two lowest concentrations were not investigated here. One possi- 
bility is that  a t  low drug concentrations, a greater matrix volume would 
be unoccupied by the drug and is available to be taken up by the gas. This, 
in turn, might alter the diffusion properties of the matrix or chemically 
interfere with the drug, thereby reducing its extraction into alcohol. 


It would be valuable to know if other nonsteroidal anti-inflammatory 
drugs, and those steroids that are currently being used in conjunction 
with dimethicone systems (4 ,5 ,6) ,  are affected by ethylene oxide gas- 
sing. 
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To The Editor: 


Recently, pharmacokinetic methods have been proposed 
to evaluate model-independent input and disposition 
parameters for drugs exhibiting first-order disposition 
rates (1-4). The use of these statistical moment parameters 
is appealing, not only because of the relatively simple 
calculations involved, but also because the parameters 


determined are independent of any modeling assumptions, 
which greatly facilitates cross-study comparison of drug 
disposition. For example, Benet and Sheiner (5) have 
compiled volume of distribution steady-state (Vd,,) data 
for numerous drugs using statistical moment analysis. 
However, as proposed (4), the method is valid only for 
single dose instantaneous input data and will result in an 
overestimation of Vd,, when applied to data obtained after 
infusion or multiple dose input. The purpose of this com- 
munication is to report a simple method to obtain Vd,, 
values from multiple intravenous bolus and/or infusion 
data. 


For a drug administered by bolus injection, a single 
distribution-elimination rate parameter, the mean resi- 
dence time (MRTi,) ,  can be evaluated using statistical 
moment analysis (1). The MRTi, describes the average 
time a drug molecule spends in the body and is determined 
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significant, as determined by t test analysis, from the ungassed rods. 
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rods, and no additional peaks were seen in the trace recordings of the 
HPLC analysis. 
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which greatly facilitates cross-study comparison of drug 
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by dividing the area under the concentration multiplied 
by time-time curve [area under the moment curve 
(A UMC)] by the area under the concentration-time curve 
(AUC): 


AUMCi, MRTi, = ~ 


A UCi, 
(Eq. 1) 


As shown previously by Benet and Galeazzi (4), a model 
independent distribution volume (Vd,,) may be deter- 
mined from the dose (D), MRTi,, and AUCi, as follows: 


(Es. 2) 


If the same dose (D) is administered as an infusion over 
a time (t’) or is divided into increments (01, D2,. . . D,) 
and administered as a combination of infusions and/or 
boluses at  different times (TI, T2, . . . T,,), the area under 
the curve (AUCtotaJ will equal the AUCiV; but the 
AUMCtotal will be greater than the AUMCi,, resulting in 
an overestimation of Vd,, if AUMCbd is used in l3q. 2. For 
a case where the drug is administered as a single infusion 
rather than a bolus, the MRTtotal  and the AUMCtotal  are 
easily corrected, since the infusion will increase the MRTi, 
by 0.5t’ (6), and: 


AUMCi, = AUMCtotal - AUCiv(0.5t’) (Eq. 3) 


When multiple dosing occurs, the correction is some- 
what more complex, since there is a delay (T) in the input 
of a fraction of the dose. Assuming there is no previous 
dosing, the delay time will increase the MRTi, by T if ad- 
ministered as a bolus and by 0 3 ’  + T if administered as 
an infusion, and: 


AUMCi, = AUMCtotal - AUCiv(0.5t’ + T )  (Eq. 4) 


The general form for n bolus and/or infusion doses then 
becomes: 


AUMCi, = ,? AUMC, - 2 AUC1(0.5t; + Ti) (Eq. 5) 
1 = 1  i = l  


where: ti = 0 for a bolus dose and TI = 0. 
Dividing both sides of Eq. 5 by AUCi, (the total AUC 


calculated), and recognizing the ratio of the individual 
A UCi’s to A UCi, is the fraction of the total dose admin- 
istered (Pi), one obtains: 


MRTi, = MRTtotal - g F , ( 0 . 5 t ;  + Ti) (Es. 6) 


Equation 6 may be used to correct total moment data 
for use in Eq. 2, even when a bolus is administered during 
an infusion. Although it is not valid if residual drug is 
present prior to characterization of the concentration-time 
curve, corrections for the residual drug are possible in 
certain instances. One may be tempted to correct for oral 
dosing by adding l/Ka to the summation term in Eq. 6, but 
the fraction of the oral dose absorbed must be known as 
well as Ka. Finally, calculation of AUMCtotal and AUCtotal 
are subject to extrapolation errors as described previously 
(3,4), so it is advisable to obtain data which will allow ex- 
cellent characterization of the terminal elimination rate 
constant after the last dose increment is administered, or 
to collect samples until the concentration of drug is es- 
sentially zero. 
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To the Editor: 


The use of tampons for the control of menstrual flow has 
been associated with the induction of vaginal ulcerations, 
mucosal changes, and toxic shock syndrome. The evidence 
for those clinical phenomena has been reviewed recently 
(l), emphasizing the role of dehydration and alteration of 
calcium levels in the vaginal tissue as important mecha- 
nisms in the induction of vaginal ulceration. Since we are 
not aware of any reports on the potential toxicity of lea- 
chable substances of tampons, two acute toxicity tests were 
performed on regular and superabsorbant tampons 
available commercially. The tests performed were: a tissue 
culture inhibition of cell growth test on aqueous extracts 
(23’) of whole tampons (Table I); and a 7-day intramus- 
cular implantation test in rabbits using (a )  the absorbant 
material of the tampons (excluding the casing and fibrous 
material), ( b )  partially hydrated absorbant material, and 
(c) fibrous material (excluding casing and absorbant ma- 
terial (Table 11). 


The decrease in the gross rating of the muscle implant 
of the partially hydrated tampon material as compared to 
the dry material implant was consistent with the generally 
accepted conclusion that dehydration is a major factor in 
the initiation of vaginal ulceration. Also, the soluble, 
leachable components of the tampons tested have a sig- 
nificant cellular toxicity at  concentrations well below that 
which might be expected in vaginal secretions adjacent to 
a tampon. The tissue culture test covers a period of time 
(72 hr) of usual tampon usage, and several tampons are 
frequently used in that period. It should also be noted that 
there was a significant concentration-dependent response 
for both extracts and that the highest concentration tested 
was 50% with respect to the original extract. 
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by dividing the area under the concentration multiplied 
by time-time curve [area under the moment curve 
(A UMC)] by the area under the concentration-time curve 
(AUC): 


AUMCi, MRTi, = ~ 


A UCi, 
(Eq. 1) 


As shown previously by Benet and Galeazzi (4), a model 
independent distribution volume (Vd,,) may be deter- 
mined from the dose (D), MRTi,, and AUCi, as follows: 


(Es. 2) 


If the same dose (D) is administered as an infusion over 
a time (t’) or is divided into increments (01, D2,. . . D,) 
and administered as a combination of infusions and/or 
boluses at  different times (TI, T2, . . . T,,), the area under 
the curve (AUCtotaJ will equal the AUCiV; but the 
AUMCtotal will be greater than the AUMCi,, resulting in 
an overestimation of Vd,, if AUMCbd is used in l3q. 2. For 
a case where the drug is administered as a single infusion 
rather than a bolus, the MRTtotal  and the AUMCtotal  are 
easily corrected, since the infusion will increase the MRTi, 
by 0.5t’ (6), and: 


AUMCi, = AUMCtotal - AUCiv(0.5t’) (Eq. 3) 


When multiple dosing occurs, the correction is some- 
what more complex, since there is a delay (T) in the input 
of a fraction of the dose. Assuming there is no previous 
dosing, the delay time will increase the MRTi, by T if ad- 
ministered as a bolus and by 0 3 ’  + T if administered as 
an infusion, and: 


AUMCi, = AUMCtotal - AUCiv(0.5t’ + T )  (Eq. 4) 


The general form for n bolus and/or infusion doses then 
becomes: 


AUMCi, = ,? AUMC, - 2 AUC1(0.5t; + Ti) (Eq. 5) 
1 = 1  i = l  


where: ti = 0 for a bolus dose and TI = 0. 
Dividing both sides of Eq. 5 by AUCi, (the total AUC 


calculated), and recognizing the ratio of the individual 
A UCi’s to A UCi, is the fraction of the total dose admin- 
istered (Pi), one obtains: 


MRTi, = MRTtotal - g F , ( 0 . 5 t ;  + Ti) (Es. 6) 


Equation 6 may be used to correct total moment data 
for use in Eq. 2, even when a bolus is administered during 
an infusion. Although it is not valid if residual drug is 
present prior to characterization of the concentration-time 
curve, corrections for the residual drug are possible in 
certain instances. One may be tempted to correct for oral 
dosing by adding l/Ka to the summation term in Eq. 6, but 
the fraction of the oral dose absorbed must be known as 
well as Ka. Finally, calculation of AUMCtotal and AUCtotal 
are subject to extrapolation errors as described previously 
(3,4), so it is advisable to obtain data which will allow ex- 
cellent characterization of the terminal elimination rate 
constant after the last dose increment is administered, or 
to collect samples until the concentration of drug is es- 
sentially zero. 
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To the Editor: 


The use of tampons for the control of menstrual flow has 
been associated with the induction of vaginal ulcerations, 
mucosal changes, and toxic shock syndrome. The evidence 
for those clinical phenomena has been reviewed recently 
(l), emphasizing the role of dehydration and alteration of 
calcium levels in the vaginal tissue as important mecha- 
nisms in the induction of vaginal ulceration. Since we are 
not aware of any reports on the potential toxicity of lea- 
chable substances of tampons, two acute toxicity tests were 
performed on regular and superabsorbant tampons 
available commercially. The tests performed were: a tissue 
culture inhibition of cell growth test on aqueous extracts 
(23’) of whole tampons (Table I); and a 7-day intramus- 
cular implantation test in rabbits using (a )  the absorbant 
material of the tampons (excluding the casing and fibrous 
material), ( b )  partially hydrated absorbant material, and 
(c) fibrous material (excluding casing and absorbant ma- 
terial (Table 11). 


The decrease in the gross rating of the muscle implant 
of the partially hydrated tampon material as compared to 
the dry material implant was consistent with the generally 
accepted conclusion that dehydration is a major factor in 
the initiation of vaginal ulceration. Also, the soluble, 
leachable components of the tampons tested have a sig- 
nificant cellular toxicity at  concentrations well below that 
which might be expected in vaginal secretions adjacent to 
a tampon. The tissue culture test covers a period of time 
(72 hr) of usual tampon usage, and several tampons are 
frequently used in that period. It should also be noted that 
there was a significant concentration-dependent response 
for both extracts and that the highest concentration tested 
was 50% with respect to the original extract. 
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Table I-Inhibition of Cell Growth Simplified Method t o  Study Stability of 
Pharmaceutical Systems Inhibition of Cell Growth, 70 


Extract Concentration. %" Regularb Superabsorbante 


10 12 5 
15 18 16 
20 22 24 
25 28 33 
30 30 42 
35 39 52 
40 38 57 
45 47 62 
50 48 64 


0 Undiluted Extract = 100%. * Regular tampon: extracted with 95 ml of distilled 
water. c Superabsorbant tampon: extracted with 75 ml of distilled water. 


Table 11-Intramuscular Implantation: Tampon Material 


Histopathologic 
Implanted Material Gross Rating" Rating" 


Absorbant materialb 3 4 
Absorbant materialc 3 4 
Partially hydrated absorbant material 0 4 
Fibrous materialb 0 4 
Fibrous materialC 0 4 


0 Ratings: 0, equivalent to ne ative control; 3, marked positive response; 4, 
equivalent to positive control. Regular tampon. c Superabsorbant tampon. 


Muscle tissue reaction (necrotic and inflammatory) to 
the absorbant and fibrous materials of tampons were the 
most severe of any materials tested in this laboratory, ac- 
tually exceeding the positive control response in some 
cases. The isolated fibrous material which has lower ab- 
sorbancy than the absorbant material did not show a 
positive gross response but had a histopathologic rating 
equivalent to the absorbant material, suggesting that the 
response was not totally due to dehydration. Fibrous ma- 
terial has been reported to be present in biopsies of vaginal 
lesions (1). Although the rabbit muscle response can not 
be considered to be identical to the response of vaginal 
tissue, the presence of fibrous material in vaginal lesions 
indicates that tampon material comes into intimate con- 
tact with vaginal tissue. Tissue dehydration has been 
demonstrated to alter calcium levels of vaginal tissue, fa- 
cilitates contact of tampon material with the tissue, and 
undoubtedly alters cellular response to leachable toxic 
components of tampons. The inhibition of cell growth re- 
ported in Table I was observed in normal liquid tissue 
culture medium where dehydration is not a factor. The 
effect of leachable, soluble components of tampons on cells 
partially impaired or altered by dehydration is not known. 
The potential for the exacerbation of the ulcerative process 
by leachable substances of tampons is apparent. 


(1) E. G.  Friedrich, Clin. Obstet. Cynecol., 24,395 (1981). 
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To the Editor: 


In a previous report (l), shelf-life, defined as the time 
for 10% decomposition at 2 5 O ,  was estimated by a simpli- 
fied method. The method involved carrying out a number 
of kinetic tests at different temperatures followed by linear 
regression of the logarithm of to.9 (the time required for the 
drug to decompose to 90% of its original value) on the re- 
ciprocal of absolute temperature. Simulated data were 
used initially to test the linearity of such plots. Since it had 
been reported previously (2) that it was not possible to 
distinguish between first-, zero-, and simple second-order 
kinetics when the decomposition was <lo%, it was believed 
the plots of In (to.9) uersus 1/T would be linear. 


In a subsequent criticism of a previous study (l), it was 
stated that the use of this Arrhenius approach for all orders 
of reaction was erroneous and that the slope of the line 
would be highly dependent on the initial concentration (3). 
For this reason, and because of analytical difficulties when 
decomposition is <lo%, it was concluded that this method 
was of little use. 


The problem arises because to.9 was defined with respect 
to the original concentration. It was tacitly assumed (1) 
that all test samples would have the same initial concen- 
tration, whereas it was implied (3) that this would not be 
the case necessarily. 


The purpose of this communication is to point out that 
plots of ln(t,) (where t, is the time to decompose from 
concentration C1 to C,)  uersus 1/T will be linear for all 
reaction orders irrespective of the a value chosen. If C1 
equals the initial concentration (CO), and it is the same for 
all experiments, and C2 is 90% of CO, then t, = to.9. 


Assuming the usual rate expression: 


dCldt = - k f ( C )  0%. 1) 


where f ( C )  is some function of concentration, (hen inte- 
grating between the limits t:! and t l  (t2 - t l  = t,): 


g(Cz) - g(Ci) = - k t a  (Eq. 2) 


where g(C) is the integrated form of f (C) .  If a number of 
kinetic experiments are performed at different tempera- 
tures, each starting with approximately the same initial 
concentration, and C1 and Cz are chosen the same for all 
experiments, then g(C2) - g(C1) is constant (G).  Sub- 
stituting this into Eq. 2, assuming the Arrhenius equation 
is applicable: 


C = -ka exp [ -E( l /T  - l/Ta)/R]t, (Eq. 3) 


where k, is the rate constant at the arbitrarily chosen 
temperature, T,, and E is the activation energy. Rear- 
ranging and taking logarithms: 


(Eq. 4) 


Thus a plot of ln(t,) uersus (1/T - l/T,) will be linear 
with slope E/R and intercept In(-Glk,). If C1 is chosen 


In(t,) = ln(-G/k,) + E ( I / T  - l/Ta)/R 
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Table I-Inhibition of Cell Growth Simplified Method t o  Study Stability of 
Pharmaceutical Systems Inhibition of Cell Growth, 70 


Extract Concentration. %" Regularb Superabsorbante 


10 12 5 
15 18 16 
20 22 24 
25 28 33 
30 30 42 
35 39 52 
40 38 57 
45 47 62 
50 48 64 


0 Undiluted Extract = 100%. * Regular tampon: extracted with 95 ml of distilled 
water. c Superabsorbant tampon: extracted with 75 ml of distilled water. 


Table 11-Intramuscular Implantation: Tampon Material 


Histopathologic 
Implanted Material Gross Rating" Rating" 


Absorbant materialb 3 4 
Absorbant materialc 3 4 
Partially hydrated absorbant material 0 4 
Fibrous materialb 0 4 
Fibrous materialC 0 4 


0 Ratings: 0, equivalent to ne ative control; 3, marked positive response; 4, 
equivalent to positive control. Regular tampon. c Superabsorbant tampon. 


Muscle tissue reaction (necrotic and inflammatory) to 
the absorbant and fibrous materials of tampons were the 
most severe of any materials tested in this laboratory, ac- 
tually exceeding the positive control response in some 
cases. The isolated fibrous material which has lower ab- 
sorbancy than the absorbant material did not show a 
positive gross response but had a histopathologic rating 
equivalent to the absorbant material, suggesting that the 
response was not totally due to dehydration. Fibrous ma- 
terial has been reported to be present in biopsies of vaginal 
lesions (1). Although the rabbit muscle response can not 
be considered to be identical to the response of vaginal 
tissue, the presence of fibrous material in vaginal lesions 
indicates that tampon material comes into intimate con- 
tact with vaginal tissue. Tissue dehydration has been 
demonstrated to alter calcium levels of vaginal tissue, fa- 
cilitates contact of tampon material with the tissue, and 
undoubtedly alters cellular response to leachable toxic 
components of tampons. The inhibition of cell growth re- 
ported in Table I was observed in normal liquid tissue 
culture medium where dehydration is not a factor. The 
effect of leachable, soluble components of tampons on cells 
partially impaired or altered by dehydration is not known. 
The potential for the exacerbation of the ulcerative process 
by leachable substances of tampons is apparent. 
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To the Editor: 


In a previous report (l), shelf-life, defined as the time 
for 10% decomposition at 2 5 O ,  was estimated by a simpli- 
fied method. The method involved carrying out a number 
of kinetic tests at different temperatures followed by linear 
regression of the logarithm of to.9 (the time required for the 
drug to decompose to 90% of its original value) on the re- 
ciprocal of absolute temperature. Simulated data were 
used initially to test the linearity of such plots. Since it had 
been reported previously (2) that it was not possible to 
distinguish between first-, zero-, and simple second-order 
kinetics when the decomposition was <lo%, it was believed 
the plots of In (to.9) uersus 1/T would be linear. 


In a subsequent criticism of a previous study (l), it was 
stated that the use of this Arrhenius approach for all orders 
of reaction was erroneous and that the slope of the line 
would be highly dependent on the initial concentration (3). 
For this reason, and because of analytical difficulties when 
decomposition is <lo%, it was concluded that this method 
was of little use. 


The problem arises because to.9 was defined with respect 
to the original concentration. It was tacitly assumed (1) 
that all test samples would have the same initial concen- 
tration, whereas it was implied (3) that this would not be 
the case necessarily. 


The purpose of this communication is to point out that 
plots of ln(t,) (where t, is the time to decompose from 
concentration C1 to C,)  uersus 1/T will be linear for all 
reaction orders irrespective of the a value chosen. If C1 
equals the initial concentration (CO), and it is the same for 
all experiments, and C2 is 90% of CO, then t, = to.9. 


Assuming the usual rate expression: 


dCldt = - k f ( C )  0%. 1) 


where f ( C )  is some function of concentration, (hen inte- 
grating between the limits t:! and t l  (t2 - t l  = t,): 


g(Cz) - g(Ci) = - k t a  (Eq. 2) 


where g(C) is the integrated form of f (C) .  If a number of 
kinetic experiments are performed at different tempera- 
tures, each starting with approximately the same initial 
concentration, and C1 and Cz are chosen the same for all 
experiments, then g(C2) - g(C1) is constant (G).  Sub- 
stituting this into Eq. 2, assuming the Arrhenius equation 
is applicable: 


C = -ka exp [ -E( l /T  - l/Ta)/R]t, (Eq. 3) 


where k, is the rate constant at the arbitrarily chosen 
temperature, T,, and E is the activation energy. Rear- 
ranging and taking logarithms: 


(Eq. 4) 


Thus a plot of ln(t,) uersus (1/T - l/T,) will be linear 
with slope E/R and intercept In(-Glk,). If C1 is chosen 


In(t,) = ln(-G/k,) + E ( I / T  - l/Ta)/R 
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as the labeled concentration and C2 = 90% of this, then 
-G/k, is the shelf-life a t  temperature T, (assuming no 
overage in the product). 


An advantage o( this method is that the activation en- 
ergy and shelf-life can be estimated without assuming a 
particular reaction order. An average value for E can be 
estimated by appropriately grouping data into sets with 
each set having a different a value, then solving them si- 
multaneously by weighted nonlinear regression to estimate 
an average E across sets and a -Glka for each set. 


An analogous technique has been used in thermogravi- 
metric analysis ( 4 4 ,  in which a number of nonisothermal 
experiments were performed at  different linear heating 
rates. The logarithm of the reaction rate a t  a selected 
percentage decomposition versus 1/T was plotted using 
this technique. The reaction rate a t  a specific fraction of 
decomposition was estimated by linear interpolation. In 
the method suggested previously, t ,  can be estimated 
similarly by linear interpolation, by alternative methods 
(e.g., cubic splines, polynomial regression), or by assuming 
knowledge of the functional relationship v( C)] as was done 
previoulsy (1  ) . 


(1) A. K. Amirjahed, J .  Pharm. Sci., 66,785 (1977). 
(2) N. G. Lordi and M. W. Scott, ibid., 54,531 (1965). 
(3) S. Baker and S. Niazi, ibid., 67,141 (1978). 
(4) H. C. Anderson, J .  Polym. Sci., Part C, 6,175 (1964). 
(5) H. L. Friedman, ibid., 6, 183 (1964). 
(6) J. Leyko, M. Maciezowski, and R. Szuniewicz, J .  Thermal Anal., 
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To the Editor: 


The preceding paper (1) discusses my earlier criticism, 
based on pragmatic reasons, of the paper (2) published by 
Amirjahed (3). It was suggested by Amirjahed (3) that if 
only 10% decomposition of a product is monitored, it is 
possible to ascertain the shelf-life, while using less than 
sophisticated analytic methodologies such as may be 
available in small institutional settings. My criticism that 
the initial concentration of the sample is important is still 
valid regardless of how the kinetic equation is manipulated 
such as reported by Tucker (1): 


ln(t,) = In(-G/k,) t E (1/T - l/T,)/R (Eq. 1) 


where t ,  is the time to decompose from concentration C1 


to C2, and -Glk, becomes the shelf-life at temperature T, 
for a 10% concentration change. However, the assumptions 
involved here are self-defeating. It assumes that all prep- 
arations have similar initial concentrations and that there 
is no overage in the product (1). It should be reiterated that 
a f5% variation in the content is routinely acceptable. This 
alone will discard the calculations that require identical 
starting concentrations. Furthermore, obtaining sufficient 
data points during 10% decomposition of the product 
(which may have several excipients) is a difficult, but not 
impossible, task and requires sophisticated analytic 
technology. Together, these arguments make such exer- 
cises as reported by Amirjahed (3) and Tucker (1) of 
merely academic interest and could be misleading if their 
use is suggested in those instances where operators may 
not be fully aware of these pitfalls. I would highly recom- 
mend that the authors (1,3) use these equations with ac- 
tual data collected in the laboratory and show their va- 
lidity. It is only when such studies are reported that the 
validity of the interesting concept reported by Amirjahed 
(3) can be ascertained. 


(1) I. G. Tucker, J .  Pharm. Sci., 71,599 (1982). 
(2) S. Bakar and S. Niazi, ibid., 67,141 (1978). 
(3) A. K. Amirjahed, ibid., 66,785 (1977). 
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Hepatic Drug Elimination 
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To the Editor: 


Two well-defined models have been proposed to de- 
scribe the hepatic elimination of drugs and other com- 
pounds. These models differ in their basic hypotheses and 
in some of their quantitative predictions, e.g. ,  concerning 
the influence of blood flow, protein binding, and drug 
metabolizing activity on extraction ratio and hepatic 
clearance. 


Model 1 (the equilibrium or well-stirred model) assumes 
that the liver is a single, well-stirred compartment, and 
that the concentration of unbound drug in hepatic venous 
blood is in equilibrium with unbound drug throughout the 
liver (1). Model 2 (the sinusoidal perfusion or parallel tube 
model) assumes that at any point along the hepatic sinu- 
soid, the concentration of drug in the liver cell will equal 
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as the labeled concentration and C2 = 90% of this, then 
-G/k, is the shelf-life a t  temperature T, (assuming no 
overage in the product). 


An advantage o( this method is that the activation en- 
ergy and shelf-life can be estimated without assuming a 
particular reaction order. An average value for E can be 
estimated by appropriately grouping data into sets with 
each set having a different a value, then solving them si- 
multaneously by weighted nonlinear regression to estimate 
an average E across sets and a -Glka for each set. 


An analogous technique has been used in thermogravi- 
metric analysis ( 4 4 ,  in which a number of nonisothermal 
experiments were performed at  different linear heating 
rates. The logarithm of the reaction rate a t  a selected 
percentage decomposition versus 1/T was plotted using 
this technique. The reaction rate a t  a specific fraction of 
decomposition was estimated by linear interpolation. In 
the method suggested previously, t ,  can be estimated 
similarly by linear interpolation, by alternative methods 
(e.g., cubic splines, polynomial regression), or by assuming 
knowledge of the functional relationship v( C)] as was done 
previoulsy (1  ) . 
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To the Editor: 


The preceding paper (1) discusses my earlier criticism, 
based on pragmatic reasons, of the paper (2) published by 
Amirjahed (3). It was suggested by Amirjahed (3) that if 
only 10% decomposition of a product is monitored, it is 
possible to ascertain the shelf-life, while using less than 
sophisticated analytic methodologies such as may be 
available in small institutional settings. My criticism that 
the initial concentration of the sample is important is still 
valid regardless of how the kinetic equation is manipulated 
such as reported by Tucker (1): 


ln(t,) = In(-G/k,) t E (1/T - l/T,)/R (Eq. 1) 


where t ,  is the time to decompose from concentration C1 


to C2, and -Glk, becomes the shelf-life at temperature T, 
for a 10% concentration change. However, the assumptions 
involved here are self-defeating. It assumes that all prep- 
arations have similar initial concentrations and that there 
is no overage in the product (1). It should be reiterated that 
a f5% variation in the content is routinely acceptable. This 
alone will discard the calculations that require identical 
starting concentrations. Furthermore, obtaining sufficient 
data points during 10% decomposition of the product 
(which may have several excipients) is a difficult, but not 
impossible, task and requires sophisticated analytic 
technology. Together, these arguments make such exer- 
cises as reported by Amirjahed (3) and Tucker (1) of 
merely academic interest and could be misleading if their 
use is suggested in those instances where operators may 
not be fully aware of these pitfalls. I would highly recom- 
mend that the authors (1,3) use these equations with ac- 
tual data collected in the laboratory and show their va- 
lidity. It is only when such studies are reported that the 
validity of the interesting concept reported by Amirjahed 
(3) can be ascertained. 


(1) I. G. Tucker, J .  Pharm. Sci., 71,599 (1982). 
(2) S. Bakar and S. Niazi, ibid., 67,141 (1978). 
(3) A. K. Amirjahed, ibid., 66,785 (1977). 
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To the Editor: 


Two well-defined models have been proposed to de- 
scribe the hepatic elimination of drugs and other com- 
pounds. These models differ in their basic hypotheses and 
in some of their quantitative predictions, e.g. ,  concerning 
the influence of blood flow, protein binding, and drug 
metabolizing activity on extraction ratio and hepatic 
clearance. 


Model 1 (the equilibrium or well-stirred model) assumes 
that the liver is a single, well-stirred compartment, and 
that the concentration of unbound drug in hepatic venous 
blood is in equilibrium with unbound drug throughout the 
liver (1). Model 2 (the sinusoidal perfusion or parallel tube 
model) assumes that at any point along the hepatic sinu- 
soid, the concentration of drug in the liver cell will equal 
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as the labeled concentration and C2 = 90% of this, then 
-G/k, is the shelf-life a t  temperature T, (assuming no 
overage in the product). 


An advantage o( this method is that the activation en- 
ergy and shelf-life can be estimated without assuming a 
particular reaction order. An average value for E can be 
estimated by appropriately grouping data into sets with 
each set having a different a value, then solving them si- 
multaneously by weighted nonlinear regression to estimate 
an average E across sets and a -Glka for each set. 


An analogous technique has been used in thermogravi- 
metric analysis ( 4 4 ,  in which a number of nonisothermal 
experiments were performed at  different linear heating 
rates. The logarithm of the reaction rate a t  a selected 
percentage decomposition versus 1/T was plotted using 
this technique. The reaction rate a t  a specific fraction of 
decomposition was estimated by linear interpolation. In 
the method suggested previously, t ,  can be estimated 
similarly by linear interpolation, by alternative methods 
(e.g., cubic splines, polynomial regression), or by assuming 
knowledge of the functional relationship v( C)] as was done 
previoulsy (1  ) . 


(1) A. K. Amirjahed, J .  Pharm. Sci., 66,785 (1977). 
(2) N. G. Lordi and M. W. Scott, ibid., 54,531 (1965). 
(3) S. Baker and S. Niazi, ibid., 67,141 (1978). 
(4) H. C. Anderson, J .  Polym. Sci., Part C, 6,175 (1964). 
(5) H. L. Friedman, ibid., 6, 183 (1964). 
(6) J. Leyko, M. Maciezowski, and R. Szuniewicz, J .  Thermal Anal., 
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To the Editor: 


The preceding paper (1) discusses my earlier criticism, 
based on pragmatic reasons, of the paper (2) published by 
Amirjahed (3). It was suggested by Amirjahed (3) that if 
only 10% decomposition of a product is monitored, it is 
possible to ascertain the shelf-life, while using less than 
sophisticated analytic methodologies such as may be 
available in small institutional settings. My criticism that 
the initial concentration of the sample is important is still 
valid regardless of how the kinetic equation is manipulated 
such as reported by Tucker (1): 


ln(t,) = In(-G/k,) t E (1/T - l/T,)/R (Eq. 1) 


where t ,  is the time to decompose from concentration C1 


to C2, and -Glk, becomes the shelf-life at temperature T, 
for a 10% concentration change. However, the assumptions 
involved here are self-defeating. It assumes that all prep- 
arations have similar initial concentrations and that there 
is no overage in the product (1). It should be reiterated that 
a f5% variation in the content is routinely acceptable. This 
alone will discard the calculations that require identical 
starting concentrations. Furthermore, obtaining sufficient 
data points during 10% decomposition of the product 
(which may have several excipients) is a difficult, but not 
impossible, task and requires sophisticated analytic 
technology. Together, these arguments make such exer- 
cises as reported by Amirjahed (3) and Tucker (1) of 
merely academic interest and could be misleading if their 
use is suggested in those instances where operators may 
not be fully aware of these pitfalls. I would highly recom- 
mend that the authors (1,3) use these equations with ac- 
tual data collected in the laboratory and show their va- 
lidity. It is only when such studies are reported that the 
validity of the interesting concept reported by Amirjahed 
(3) can be ascertained. 
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To the Editor: 


Two well-defined models have been proposed to de- 
scribe the hepatic elimination of drugs and other com- 
pounds. These models differ in their basic hypotheses and 
in some of their quantitative predictions, e.g. ,  concerning 
the influence of blood flow, protein binding, and drug 
metabolizing activity on extraction ratio and hepatic 
clearance. 


Model 1 (the equilibrium or well-stirred model) assumes 
that the liver is a single, well-stirred compartment, and 
that the concentration of unbound drug in hepatic venous 
blood is in equilibrium with unbound drug throughout the 
liver (1). Model 2 (the sinusoidal perfusion or parallel tube 
model) assumes that at any point along the hepatic sinu- 
soid, the concentration of drug in the liver cell will equal 
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that in the sinusoid but that this concentration will fall as 
blood traverses the sinusoid (2). 


Determination of which of the two models is the more 
appropriate to describe hepatic drug elimination is at 
present in dispute (3 ,4) .  One of the important practical 
applications of these models is the calculation of intrinsic 
hepatic drug clearance, which measures the ability of the 
liver to remove drug irreversibly from liver water; for many 
compounds it can be regarded as an index of the activity 
of the drug metabolizing enzymes (5). The method of cal- 
culating intrinsic hepatic clearance differs between the two 
models, so that the same pharmacokinetic data may lead 
to two quite different answers. This is particularly true of 
high-clearance drugs (5,6). Clearly, there is a need for an 
accurate and unambiguous method of measurement of 
hepatic drug metabolizing function for these high-clear- 
ance drugs, which is applicable to the intact animal rather 
than only to isolated liver enzyme preparations. 


An extensive theoretical comparison of the two models 
showed that the greatest discrepancies between the pre- 
dictions of the two models occur when the following pa- 
rameters: 


1. availability 
2. steady-state drug concentration in hepatic venous 


blood 
3. area under the blood drug concentration-time curve 


following a single oral dose 
4. steady-state drug concentration in blood following 


constant oral drug administration for a highly extracted 
drug are examined under perturbations of either hepatic 
blood flow or of the degree of binding within the blood 
(7). 


However, to date there are few experimental data 
available, and the evidence that is available does not single 
out one model as being more appropriate. For example, 
studies with lidocaine (3) from one laboratory using the 
isolated perfused rat liver preparation support the venous 
equilibrium model, whereas similar studies with galactose 
(8) from a second laboratory support the sinusoidal per- 
fusion model. So far, experiments designed to discriminate 
between the two models of hepatic drug elimination have 
only involved examination of the effect of hepatic blood 
flow on the steady-state output concentration of highly 
cleared drugs in the perfused rat liver preparation. This 
is because hepatic blood flow is easily monitored and 
controlled in this preparation. 


As a result of a series of computer simulations we have 
performed, relating intrinsic clearance to various phar- 
macokinetic indexes, another discriminant between 
Models 1 and 2 has emerged. The equations relating the 
area under the blood drug concentration-time curve fol- 
lowing a single oral dose with the determinants of hepatic 
drug elimination (7) are for the venous equilibrium model 
(model 1): 


AUC,,= D p o  (Eq. 1) 
f U b  CLuint 


and for the sinusoidal perfusion model (model 2): 


where: 


loor 


model 2 
4 


0.2 0.4 0.6 0.8 1 .o 
FRACTION UNBOUND IN BLOOD 


Figure 1-Effect of fraction of unbound drug in blood on AUC,,, for 200 
mg of meperidine administered orally. 


D,, = dose administered by the oral route, 
fub = fraction of unbound drug in blood, 


CLuint = intrinsic hepatic clearance of unbound drug, 
and 


QH = hepatic blood flow. 


From these equations, expressions can be derived which 
relate the area under the unbound blood drug concentra- 
tion-time curve following a single oral dose (AUCu,,) with 
the determinants of hepatic drug elimination for model 
1: 


AUCUp = fub AUCp, = (Eq. 3 )  
CLuint 


and for model 2: 


Simulations of Eqs. 1-4 were performed for the drug 
meperidine and the following parameters were used: 


QH = 1.5 liter/min 
D,, = 200 mg 
f u b  = 0.2 


CLuint = 11.25 liter/min (model 1) 
CLuint = 6.872 liter/min (model 2) 


The systemic blood clearance of meperidine is -0.9 liter/ 
min (9), which corresponds to an hepatic extraction ratio 
of 0.6. Systemic blood clearance is a model-independent 
variable, whereas intrinsic clearance is model-dependent, 
ie., the value calculated depends on whether model 1 or 
2 is invoked. Hence, two different values are given for in- 
trinsic hepatic clearance of meperidine. Figure 1 shows the 
relationship between the fraction free in blood and AUC,,,, 
according to Eqs. 1 and 2. The results are consistent with 
those described previously (7), in that a greater depen- 
dence of AUC,, on free fraction is predicted by model 2. 
Figure 2 shows the relationship between the fraction free 
in blood and area under the unbound blood drug concen- 
tration-time curve following a single oral dose, according 
to Eqs. 3 and 4. The AUCu,, appears to be a much better 
discriminator between the two models than A UCpO, be- 
cause AUCu?, should be independent of free fraction in 
blood according to model 1 but not to model 2. These 
simulations present another and potentially more powerful 
method of discriminating between the two models using 
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Figure 2-Effect of fraction of unbound drug in blood on AUC of un-  
bound drug concentration (AUCu,,) versus time for  200 mg of meperi- 
dine administered orally. 


the isolated perfused rat liver preparation. It is theoreti- 
cally possible to vary the fraction of unbound drug in the 
perfusate by at  least 10-fold for a highly bound drug, 
whereas the hepatic perfusion rate may only reasonably 
be varied by less than twofold (3). A preliminary investi- 
gation of the plasma protein binding of propranolol has 
been carried out using equilibrium dialysis. The results of 
this investigation show that it is possible to achieve a 
10-fold variation of the fraction of unbound drug by 
varying the concentration of bovine serum albumin and 
crl-acidglycoprotein in the perfusate’. 


The predictions of models 1 and 2 for the relationship 
between free fraction in blood and the steady-state un- 
bound drug concentration in the reservoir of the isolated 
perfused rat liver preparation (Cuss) following constant- 
rate drug administration into the portal vein are analogous 
to those described for AUCu,,. The equations relating 
fraction of unbound drug in blood with Cuss can be derived 
from the equations presented by Pang and Rowland (7) 
and for model 1: 


(Eq. 5) 
R 


cuss = - 
CLUint 


and for model 2: 
fub Re(-fUb C L u i n J Q H )  


Q H [ l  - e(-fub C L U i d Q H ) ]  (Eq. 6) 


where R is the infusion rate of drug into the portal vein. 
Hence, the effect of changing free fraction of drug in 


perfusate on the steady-state unbound drug concentration 
in the reservoir following constant-rate drug administra- 
tion into the portal vein in the isolated perfused rat liver 
preparation may also be used to discriminate between the 
two models. 
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To the Editor: 


The distribution of solutes between water and oil has 
been the subject of hundreds of studies since the end of the 
last century (1). The oil-water partition coefficient [or 
liquid-liquid distribution constant, as recommended (2) 
by IUPAC] is of use in separation science as it indicates the 
extent of extraction in a two-phase system. Also, since the 
partition coefficient is taken (3) as a measure of solute 
hydrophobicity, it is an often used parameter in, for ex- 
ample, preformulation and drug design (QSAR) studies. 
Partition coefficients have been determined by a large 
number of methods, including shake flask, counter-current 
distribution (4), and various automated methods including 
the AKUFVE (5) and SEGSPLIT (6) approaches. 


Recently, we published a study (7) on the thermody- 
namics of solute oil-water partitioning, where use was 
made of a modification of a rapid solvent extraction 
method described by Cantwell and Mohammed (8) for 
photometric acid-base titrations in the presence of an 
immiscible solvent. Using various data manipulations, 
these workers have been able to demonstrate (9,lO) that 
their method provides ion-pair distribution coefficients 
and is of consequent use in drug analysis. Here we wish to 
communicate some of our experiences with a modified 
filter-probe for measuring oil-water partition coefficients 
of molecules of pharmaceutical interest, and to draw at- 
tention to the fact that the method has particular use for 
the examination of the effect of a large number of variables 
on the distribution process. It is emphasized that the ap- 
paratus here described is similar to, but not the same as, 
that developed by Cantwell and Mohammed. 
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Figure 2-Effect of fraction of unbound drug in blood on AUC of un-  
bound drug concentration (AUCu,,) versus time for  200 mg of meperi- 
dine administered orally. 


the isolated perfused rat liver preparation. It is theoreti- 
cally possible to vary the fraction of unbound drug in the 
perfusate by at  least 10-fold for a highly bound drug, 
whereas the hepatic perfusion rate may only reasonably 
be varied by less than twofold (3). A preliminary investi- 
gation of the plasma protein binding of propranolol has 
been carried out using equilibrium dialysis. The results of 
this investigation show that it is possible to achieve a 
10-fold variation of the fraction of unbound drug by 
varying the concentration of bovine serum albumin and 
crl-acidglycoprotein in the perfusate’. 


The predictions of models 1 and 2 for the relationship 
between free fraction in blood and the steady-state un- 
bound drug concentration in the reservoir of the isolated 
perfused rat liver preparation (Cuss) following constant- 
rate drug administration into the portal vein are analogous 
to those described for AUCu,,. The equations relating 
fraction of unbound drug in blood with Cuss can be derived 
from the equations presented by Pang and Rowland (7) 
and for model 1: 


(Eq. 5) 
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cuss = - 
CLUint 


and for model 2: 
fub Re(-fUb C L u i n J Q H )  


Q H [ l  - e(-fub C L U i d Q H ) ]  (Eq. 6) 


where R is the infusion rate of drug into the portal vein. 
Hence, the effect of changing free fraction of drug in 


perfusate on the steady-state unbound drug concentration 
in the reservoir following constant-rate drug administra- 
tion into the portal vein in the isolated perfused rat liver 
preparation may also be used to discriminate between the 
two models. 
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To the Editor: 


The distribution of solutes between water and oil has 
been the subject of hundreds of studies since the end of the 
last century (1). The oil-water partition coefficient [or 
liquid-liquid distribution constant, as recommended (2) 
by IUPAC] is of use in separation science as it indicates the 
extent of extraction in a two-phase system. Also, since the 
partition coefficient is taken (3) as a measure of solute 
hydrophobicity, it is an often used parameter in, for ex- 
ample, preformulation and drug design (QSAR) studies. 
Partition coefficients have been determined by a large 
number of methods, including shake flask, counter-current 
distribution (4), and various automated methods including 
the AKUFVE (5) and SEGSPLIT (6) approaches. 


Recently, we published a study (7) on the thermody- 
namics of solute oil-water partitioning, where use was 
made of a modification of a rapid solvent extraction 
method described by Cantwell and Mohammed (8) for 
photometric acid-base titrations in the presence of an 
immiscible solvent. Using various data manipulations, 
these workers have been able to demonstrate (9,lO) that 
their method provides ion-pair distribution coefficients 
and is of consequent use in drug analysis. Here we wish to 
communicate some of our experiences with a modified 
filter-probe for measuring oil-water partition coefficients 
of molecules of pharmaceutical interest, and to draw at- 
tention to the fact that the method has particular use for 
the examination of the effect of a large number of variables 
on the distribution process. It is emphasized that the ap- 
paratus here described is similar to, but not the same as, 
that developed by Cantwell and Mohammed. 
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The apparatus consists of an efficient mixing chamber 
(fitted with vortex spoilers and a well-sealed lid), one or 
two filter probes immersed in the mixed phases, and a 
pumping system that pumps the probed phase(s) through 
a spectrophotometric flow-through cell and back to the 
mixing chamber (see refs. 7 and 8 for schematics). The 
mixing chamber is thermostated and can have a volume 
from 50 to 1000 ml. Figure 1 gives the design of our modi- 
fied filter probe, which is machined out of a stainless steel 
block. There is almost zero contact between the phases and 
the protective polytef spacer, compared to the polytef 
mesh (8) and wafer (10) that Cantwell and Mohammed 
place behind their filter material (to increase flow). 


With our earlier experiments on the partitioning of 
hydrophobic drugs, it was found that using the latter 
configurations adsorption of drug onto the polytef was a 
problem. With the modified probe, postfiltration flow is 
improved by 20 radial channels (0.2-mm depth) cut into 
the surface of the cylindrical stainless steel block. Ad- 
sorption to polytef was such an early problem that all 
connecting tubing is now constructed of an HPLC-grade 
1.0-mm bore stainless steel tube. In addition, HPLC 
pumps are used to effect flow, since these give no adsorp- 
tion problems (unlike peristaltic pumps) and can be readily 
used with volatile solvents. 


For our studies, a cellulose filter paper1 was used for the 
probing of the aqueous phase and a polytef film2 for 
probing of the oil. (Any hard cellulose filter paper should 
suffice for the hydrophilic filter probe.) We prefer to 
monitor the aqueous phase, and as a general procedure add 
only aqueous phase to the system, pump, adjust recorder 
baseline, add solute in a volume of the aqueous phase; after 
further equilibration (given by constant recorder reading), 
add a volume of oil, equilibrate, add an equal volume of oil, 
equilibrate, add a third equal volume of oil, and equili- 
brate. Since it takes between 0.5 and 15 min to reach 
equilibration (depending on pumping rates, phase vol- 
umes, and partition coefficient), one can very quickly de- 
termine from these experiments the effect of solute con- 
centration on distribution. One can then go on to study the 
effect of various variables on the partitioning process; e.g., 
temperature can be altered if the thermodynamics are to 
be studied, or a pH stat can be employed to obtain the 
pH-partition profile of a compound and hence determine 
the pKa. 


Since the method is rapid, it can be used to determine 
the partition characteristics of relatively unstable com- 
pounds. Phase volume ratios of 1OOO:l are possible, though 
the probed phase must have a volume greater than that of 
the pumping circuit. The range of partition coefficients 
that can be measured is - +5.3 to -5.3 log units, though 
this is dependent on the sensitivity of the analytical 
method. Generally, a pumping rate of between 1.0 and 1.5 
ml/min is used: greater speeds result in overloading of the 
filter system. 


There are three potential disadvantages to the proce- 
dure: One is evaporation of solute. This was found for 
benzene in our original experiments, and has since been 
described3 as a problem common to all conventional 


’ 589/3 Blauband filter paper, Schleicher and Ychull * Mitex LC 10-Fm with 68% porosity, Millipore. 
C. Hansch, Pomona College, Calif., personal communication. 
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Figure 1-Filter-probe extractor. I ,  1.0-mm bore stainless steel tube; 
2,  cylindrical stainless steel block; 3. filter material; 4 ,  polytef O-ring 
spacer; and 5 ,  screw-on stainless steel cap. 


methods for determining the partition coefficient of ben- 
zene, but which should be circumvented by the use of a 
closed system. The second, more serious problem, is that 
of adsorption. This has been circumvented in our system 
by employing stainless steel fittings and tubing and HPLC 
pumps, but it could still be a problem for some very polar 
compounds. Adsorption is very clearly seen in the step 
before addition of oil by a continuing fall in recorder 
reading, which is seen to be reversible during washing. 
Another problem encountered is the use of silicon-based 
filters as hydrophobic probes when cyclohexane and 
2,2,4-trimethylpentane are used. Here it is found that after 
a short time the filters become permeable to the aqueous 
phase, due to a stripping of the filter material. 


To date, this modified filter probe system has been used 
in our laboratory for a number of studies including the 
aforementioned thermodynamics study and the determi- 
nation of the partitioning of unstable compounds, pep- 
tides, and various hydrophilic and hydrophobic neutral 
drugs. Cyclohexane, 2,2,4-trirnethylpentane, 1-octanol, and 
chloroform have all been successfully employed as oil 
phases. Table I illustrates the close agreement between 
partition coefficients determined by both conventional 
shakeflask and the described filter-probe methods (7). The 
filter probe system can be described as a simple and con- 
venient tool for not only determining ion-pair equilibria 
(8-lo), but also, as discussed here, both for “one-off‘’ de- 
termination of solute oil-water partition coefficients, and 
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Table I-Comparison between Shake-Flask and Filter Probe 
Methods for Determining Partition Coefficients between Oil 
and Water 


Log Partition Coefficients (Molar Scale) at 25O 
(SD)  


Solute Shake-Flask Filter Probe 


o-Chloroaniline 0.983 (0.012) 0.978 (0.021) 
p-Chloroaniline 0.462 (0.012) 0.462 (0.019) 
Methyl Benzoate 1.77 (0.046) 1.78 (0.056) 
p -Nitrotoluene 1.97 (0.030) 1.92 (0.060) 
D-Cresol -0.395 (0.025) -0.379 (0.019) 


2,2,4-Trimethylpentane. * Phosphate buffer pH 7. 


for the examination of various environmental variables on 
the partitioning process. 


(1) C. Hansch and A. Leo, “Substituent Constants for Correlation 
Analysis in Chemistry and Biology,” Wiley, New York, N.Y., 1979. 


(2) Pure Appl. Chem., 21,109 (1970). 
(3) J. Iwasa, T.  Fujita, and C. Hansch, J. Med. Chem., 8, 150 


(1965). 


BOOKS 


(4) N. C. Saha, N. Bhattacharjee, N. G.  Asak, and A. Lahiri, J. Chem. 


(5) S. S. Davis and G. Elson, J.  Pharm. Pharmacol., Suppl., 26,90P 


(6) J. F. M. Kinkel and E. Tomlinson, Int .  J. Pharm., 6, 261 


(7) J. F. M. Kinkel, E. Tomlinson, and P. Smit, ibid., 9. 121 


(8) F. F. Cantwell and H. Y. Mohammed, Anal. Chem., 51, 218 


(9) H. Y. Mohammed and F. F. Cantwell, ibid., 51,1006 (1979). 


Eng. Data,  8,405 (1963). 
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University of Amsterdam 
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The filter-probe extractor was machined by H. van Ijzendoorn, and 


J. F. M. Kinkel, H. Wijnne, and P. Smit were involved in using and de- 
veloping the total procedure. 


Applied Pharmacokinetics: Principles of Therapeutic Drug Mon- 
itoring. Edited by WILLIAM E. EVANS, JEROME J. SCHENTAG, 
and WILLIAM J. JUSKO. Applied Therapeutics, P.O. Box 31-747, 
San Francisco, CA 94131.1980.708 pp. 15 X 23 cm. Price $34.00. 
As noted in the preface, this text is intended as a “source of the ob- 


jective criteria and systematic approaches necessary for rational appli- 
cation of pharmacokinetics in clinical practice.” The editors and authors 
have achieved that goal admirably. The text is primarily a compilation 
of information on specific drugs amenable to therapeutic monitoring and 
for which there is sufficient literature to permit a critical review. A par- 
ticularly attractive approach is the inclusion of “counterpoint” discus- 
sions which accompany several chapters. These are intended to present 
another author’s perspective when a consensus of opinion did not exist 
on that topic. 


An introductory chapter is followed by a discussion (and a counterpoint 
presentation) of clinical pharmacokinetic consultation services and three 
chapters dealing with pharmacokinetics in renal and liver disease and 
in neonates. The remaining chapters are devoted to specific drugs and 
include: theophylline, aminoglycosides, cephalosporins, phenytoin, di- 
goxin, lidocaine, procainamide, quinidine, propranolol, salicylates, 
methotrexate, tricyclic antidepressants, lithium, and heparin. Coun- 
terpoint discussions accompany the sections on theophylline, amino- 
glycosides, phenytoin, and lidocaine. The final chapter is concerned with 
guidelines for collection and the pharmacokinetic analysis of data. 


Each chapter dealing with a specific drug contains the following major 
topics: introduction/background, absorption, distribution, elimination, 
concentration versus response and toxicity, clinical application of 
pharmacokinetic data, assay methods, and summary. Adhering to a 
common format enhances the readability of the text and permits the 


reader easy access to specific desired information. The chapters are 
concise, written well, and are replete with summary tables and figures. 
Each chapter has a substantial reference list and literature citations are 
current. 


This book is unquestionably the best text of this type currently 
available. The editors by necessity have assumed a basic understanding 
in pharmacokinetics and as a result there are few expositions on funda- 
mental principles and relatively few equations are employed. The re- 
viewer believes this to be an advantage of the text. 


A difficulty with publishing a compilation of this type is the fact that 
much of the material will become rapidly dated as a result of the literature 
explosion in the area of clinical pharmacokinetics. The editors are cer- 
tainly aware of this and mention in the preface that this is the first edition. 
One presumes that others will follow. In subsequent revisions, the editors 
are encouraged to employ the approach for compiling clinical phar- 
macokinetic data as suggested by Sheiner et al. [J. Pharmacokinet. 
Biopharm., 9, 59 (1981)]. The text might also benefit from a table of 
symbols to be used uniformly throughout (and with common units, if 
possible). 


The reviewer has no hesitation in recommending this text to pharmacy 
and medical practitioners who are involved in drug therapy and who are 
interested in improving theory. Pharmacy students in advanced courses, 
all Pharm.D. students, and clinical pharmacology fellows should consider 
this a most useful text. 


Reviewed by Michael Mayersohn 
College of Pharmacy 
Uniuersity of Arizona 
Tucson, AZ 85721 
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concentrations show good linearity in the concentration range for all 
substances, with correlation coefficients >0.9994 in all cases. 
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Abstract  The influence of hydration on the permeability of stripped 
and scalded skins of hairless mice was investigated in uitro using water 
and n-alkanols as test permeants. Irrespective of pretreatment, the 
permeation rates of water, methanol, and ethanol were unaffected by 
aqueous immersion of skin sections in a diffusion cell, consistent with 
earlier data on unprocessed skins. The permeation rates of butanol and 
hexanol also were insensitive to hydration, differing from earlier studies 
on normal, intact skin in which both solutes' rates doubled after 10 hr 
of soaking. Following both pretreatments, the permeability of octanol 
declined over the first 5-10 hr of maceration, but remained invariant 
thereafter. The decline was most pronounced for the scalded skins. With 
untreated skin, octanol permeability initially increased and then declined 
before assuming a constant value. This study indicates that  the barrier 
properties of the epidermis and dermis are not particularly sensitive to 
extended hydration except in the case of octanol. Scalding at 60' for 60 
sec rapidly hydrates the skin, altering tissue permeability to  about the 
same extent as a 10-hr (or longer) immersion in water at 37". Octanol's 
unique hydration profile is explained by locating the origin of perme- 
ability decline in tissue beneath the horny exterior of the skin. 


Keyphrases Permeability-of hairless mouse skin to water and n -  
alkanols after stripping and scalding 0 Absorption, percutaneous- 
influence of stripping and scalding on permeability of water and n-al- 
kanols, hairless mouse skin 0 Hydration-alteration of permeability of 
stripped and scalded mouse skin to water and n-alkanols 
~~~~~~ 


It is known that the permeability of intact hairless 
mouse skin is altered by aqueous maceration, and that 
increases in permeation rates upon extended immersion 
of the skin in saline are a function of chemical structure for 
small, nonelectrolyte penetrants. Thus, the processes of 
hydration are complex, and probably involve more than 


one isolated phase of the skin membrane. A more thorough 
understanding of such hydration phenomena will add to 
the mechanistic understanding of the skin's barrier be- 
havior. 


Recently, effects of hydration on hairless mouse skin 
permeability were examined using water and n-alkanols 
as test permeants (1). These in uitro studies showed that 
hydration-induced permeability increases were a function 
of the penetrant lipophilicity. The permeabilities of the 
polar solutes, water, methanol, and ethanol, were not 
changed by hydration, while the permeabilities of the 
moderately lipophilic compounds, butanol and hexanol, 
asymptotically doubled in 10 hr of hydration. Permeation 
rates of the more lipophilic heptanol also increased to an 
asymptote, but only by -50% in 10 hr. Octanol, the most 
lipophilic solute, showed an initial increase of -50% in 5 
hr, but then declined by -25% by the 10th hr, undergoing 
a net increase in permeability of -25%. 


The skin hydration studies were extended to the Swiss 
mouse using water, methanol, ethanol, and butanol as 
permeants (2). In contrast to the hairless mouse skin re- 
sults, water permeability increased up to 30 hr of hydra- 
tion, and showed signs of leveling off between 30 and 43 hr. 
The permeabilities of methanol and ethanol also increased, 
but plateaued by 15 hr. Permeation rates of butanol in- 
creased over the first 15 hr and then declined almost lin- 
early up to 48 hr. The hydration effect profile differences 
between the Swiss mouse and its hairless counterpart are 
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Figure 1-Series of amount penetrated (cpm)  versus time profiles for 
a set of eight sequential permeation runs on a single piece of stripped 
(25X) skin. The initial time of hydration for each run in terms of the 
total elapsed time (to) is indicated under each plot. This is one set of 
data for the methanol-butanol series. Key: 0 ,  methanol; and A, bu- 
tanol. 
apparently due to the abundant follicular presence in the 
Swiss species. 


In both of the previous studies, unaltered full thickness 
skins consisting of the stratum corneum, the viable epi- 
dermis and the dermis were employed. It is well known 
that different strata of the skin control permeation rates 
of different solutes, depending on the relative oil/water 
partition coefficients of the permeants (3-5). Therefore, 
it is likely that different layers of the skin are responsible 
for the observed hydration-induced permeability increases 
or lack of increases. The present study was undertaken to 
study the influences of hydration on hairless mouse skins 
that were either scalded to alter thermally the properties 
of the stratum corneum (6) or stripped to completely re- 
move the stratum corneum. 


EXPERIMENTAL 


Chemicals--[3H] water', [ 3H] methanol', [lac] ethanol2, [ l%] hexano12, 
[ '4C]heptano12, and [14C]octano12 were used as received. The radio- 
chemicals were diluted into 0.9% sodium chloride irrigation medium3 
(saline) to prepare solutions for the permeation experiments. The final 
chemical concentrations in the diffusional medium were M or 
lower. 


Animals-Male hairless mice, SKH-hr-' strain4, were given free access 
to food and water. The mice were housed individually in shoebox cages 
to prevent them from damaging each other's skin; bedding was changed 
at least once a week. They were visually examined at least once a day to 
ascertain their general health. 
~~~~ ~ 
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Figure 2-Plots of average permeability coefficients (P) of the stripped 
(25X) skins versus hydration time for water, methanol, ethanol, buta- 
nol, heranol, and octanol. 


Scalding Procedure-The dorsal surface of a mouse freshly sacrificed 
by spinal dislocation was scalded for 60 sec at 60' by immersing the 
dorsum in water contained in a jacketed apparatus through which water 
(SO') was perfused from a constant-temperature water bath (6). Both 
the abdominal and the dorsal surfaces were scalded before running the 
permeation experiments. Since scalding softens the stratum corneum, 
extra care was exercised in handling the skin. The skins were excised and 
mounted in diffusion cells within a few minutes after scalding, and the 
permeation experiment was started within 30 min. 


Stripping Procedure-The abdominal surface of a mouse, freshly 
sacrificed by spinal dislocation, was stripped 25 times with adhesive tape 
(5,7), using a fresh piece of tape each time. The abdominal surfaces were 
stripped with the adhesive tape because this site is easier to strip than 
the back. This choice did not affect the results because no site-to-site 
variations were observed in previous hydration-induced permeability 
alterations (1). Since removal of the stratum corneum causes the skin to 
shrink and fold over itself, making it difficult to handle and to excise from 
the animal, great care was observed in processing the stripped skins. 


Radioisotopic Assay-The concentration of the radiolabeled per- 
meant was determined by placing discrete samples in a cocktail5 and 
assaying on a liquid scintillation counter6. Whenever possible, the tech- 
nique of dual labels (1,2,4,6-11) was used to economize the study and 
improve experimental precision. 


Permeation Procedure-Two-compartment glass diffusion cells were 
employed to determine skin permeability. The mouse age was controlled 
(age 60 days) as much as possible, to avoid any age-related effects (4). The 
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Figure 3-Changes in octanol permeation rate as a function of hy- 
dration time. Data for this plot were abstracted from Ref. 1 .  
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5 Aquasol, New England Nuclear, Boston, MA 02218. 
6 Beckman Liquid Scintillation Counter, Model LS 9o00, Beckman Instruments, 


Fullerton, Calif. 


230 I Journal of Pharmaceutical Sciences 
Vol, 77, No. 2, February 7982 







Table I-Summary of Results of Stripped Abdominal Skins 


P X lo3, cm/hr 
Watera 


Mouse 1, Mouse 2, Mouse 3, 
Hydration, 60 days; 60 days; 60 days; Mean P X 103 b ,  


hr 31.0 g 31.0 g 26.0 g cm/hr 


Butanol 
Mouse 1, Mouse 2, Mouse 3, 


Hydration, 117 days; 117 days; 117 days; Mean P X 103 
hr 37.0 g 37.0 g 37.0 g f SD, cm/hr 


-0 181.0 188.0 189.7 186.2 f 4.6 
5 198.0 200.3 177.7 192.0 f 12.4 


10 190.0 155.0 188.2 177.7 f 19.7 
15 193.0 197.6 158.1 182.9 f 21.6 


-0 382.0 - 
5 420.0 - 


10 409.7 - 
15 424.6 - 
20 434.2 - 
25 429.5 - 
30 415.5 - 
35 444.8 - 


Mean f S D  


382.0 
420.0 
409.7 
424.6 
434.2 
429.5 


~~~. ~ - ~ .  


20 195.0 147.5 i53.i 165.2 f 26.0 
25 169.0 171.6 169.5 170.0 f 1.4 
30 157.0 154.7 156.3 156.0 f 1.2 
35 139.0 114.8 115.5 123.1 f 13.8 415.5 


444.8 
420.0 f 18.9 


Mean f SD 169.1 f 22.0 


P X lo3 cm/hr 
Hexanol 


Mouse 1, Mouse 2, Mouse 3, 


Methanol 
Mouse 1, Mouse 2, Mouse 3, 


Hydration, 117 days; 117 days; 117 days; 
hr 37.0 g 37.0 g 35.0 g 


Mean P X lo3 
f SD, cm/hr Hydration, 60 days; 60 days; 60 days; Mean P X lo3 b,  


hr 34.0 n 25.0 n 32.5 e f SD.  c m h r  
-0 


5 
269.0 255.0 239.7 
254.8 258.0 238.8 


254.6 f 14.7 
250.5 f 10.3 -0 227.1 353.2 226.4 


5 205.1 411.0 262.2 
10 205.1 430.0 262.2 
15 219.8 417.8 223.4 


268.9 f 73.0 
292.8 f 106.3 
299.1 f 116.9 
287.0 f 113.3 
325.1 f 115.0 
322.6 f 98.7 
311.0 f 82.6 
309.4 f 88.6 
302.5 f 19.6 


10 
15 
20 
25 


249.0 223.0 264.6 
274.0 247.1 251.7 
290.0 215.9 244.6 


245.5 f 21.0 
257.6 f 14.4 
250.2 f 37.4 
290.7 f 1.8 


_ _ _  - 
20 237.9 455.5 282.0 
25 258.1 436.0 273.4 
30 263.2 406.4 263.3 


C 


c 


e 


289.4 291.9 
300.8 302.4 
277.1 259.7 


30 
35 


Mean f SD 


301.6 f 1.1 
268.4 f 12.3 
264.9 f 20.7 35 261.0 411.7 255.5 


Mean f SD 
P X lo3 cm/hr 


Ethanol 
Mouse 1, Mouse 2, Mouse 3, 
60 days; 60 days; 60 days; 
31.0 g 31.0 g 26.0 g 


Octanol 
Mouse 1, Mouse 2, Mouse 3, 


Hydration, 60 days; 60 days; 60 days; 
hr 35.0 g 30.0 g 27.0 g 


0 244.4 216.0 283.7 
5 189.3 193.0 200.3 


10 230.9 188.9 194.1 
15 236.9 225.5 201.3 
20 231.1 195.6 195.0 
25 208.8 200.2 208.4 
30 224.2 207.8 198.5 
35 213.9 210.2 202.2 


Mean f SD 


Hydration, 
hr 


Mean P X lo3 b. 
f S D ,  cm/hr 


Mean P X lo3 
f S D ,  c m h r  


-0 276.5 303.3 261.2 280.3 f 21.3 
5 303.7 263.0 285.1 283.9 f 20.4 


10 317.5 344.6 273.0 311.7 f 36.2 


248.0 f 34.0 
194.2 f 5.6 
204.6 i 22.9 


15 319.9 259.5 339.4 306.3 f 41.7 
20 328.8 259.4 336.2 308.1 f 42.4 


~ ~~~. 


221.2 f 18.2 
207.2 f 20.7 
205.8 f 4.9 25 330.8 278.8 370.1 326.6 f 45.8 


30 333.9 291.5 370.1 331.8 f 39.4 
35 339.9 314.2 373.3 342.5 f 29.6 


210.2 f 13.0 
208.8 f 6.0 


Mean f S D  311.4 f 22.0 


0 Skins of Mouse 2 and Mouse 3 were damaged after -5 hr of experiment. * The standard deviations represent mouse-to-mouse variability, not in the estimate of 
hydration-induced alterations (or lack of them). The skins were damaged. 


external medium of diffusion was normal saline. The half-cell contents 
were stirred a t  150 rpm and all permeation experiments were carried out 
at  37'. The half-cell facing the stratum corneum was always the donor 
chamber and the half-cell facing the dermis was always the receiver 
chamber. Therefore, net diffusion was from the stratum corneum to the 
dermis side. Complete hydration profiles were obtained on each piece 
of skin by running six to nine sequential experiments, with thorough 
rinsing between runs (1). 


Data Analysis-The data were plotted as receiver compartment 
concentration (in counts per minute) uersus time. The permeability 
coefficients were calculated from (1): 


indicating a good approximation of steady-state transport conditions. 
This permeation behavior is consistent with that reported for the intact, 
unaltered skins of hairless (1) and Swiss (2) mice. Slopes of these linear 
plots were used to compute permeability coefficients. 


Table I contains a summary of results for the stripped abdominal skins. 
Three mice were used for each of the permeants, and eight sequential 
permeation experiments were run on each skin. 


Data from sequential runs performed on scalded skins were processed 
as indicated in Fig. 1. One of the experiments, the methanol/butanol set, 
was of long duration (>40 hr) and involved nine separate experiments 
on each piece of tissue spaced a t  5-hr intervals. Table I1 contains a 
summary of results for the scalded skins. 


TWO skins, one abdominal and one dorsal, were employed for each of 
the permeants, and [3H]methanol was used as a copermeant with all al- 
kanols. The individual permeability coefficients of the abdominal and 
the dorsal skins are quite similar, indicating that the data are not a 
function of the anatomical site. This observation is consistent with the 
earlier studies where the abdominal and the dorsal permeabilities were 
found to converge beyond the age of -50 days (4). 


Since methanol was used as a reference permeant, it is possible to 
normalize the data for ethanol, butanol, hexanol, and octanol to methanol 
permeability a t  a given hydration time. This procedure levels out ani- 
mal-to-animal variability and results in more precise data. The standard 
deviations associated with the average ratios are much smaller than those 
associated with the average permeability values (Table 11). 


DISCUSSION 


In uitro diffusion through membranes from body tissues or from syn- 
thetic materials is one of the most general means of characterizing the 
physicochemical attributes of physiological and synthetic barriers. With 


V (dC/dt) p=--  
A AC (Eq. 1) 


where: 


P = the permeability coefficient (centimeters per hour) 
A = the diffusional area (-0.6 cm2) 


AC = the concentration difference across the membrane, which 
was taken to be equal to the donor concentration (counts 
per minute) 


V = the half-cell volume (1.4 ml) 
dC/dt = the quasisteady-state slope (counts per minute per cubic 


centimeter per hour) 


RESULTS 


Figure 1 contains a representative set of eight subplots obtained in 
sequential permeation experiments carried out on one piece of skin over 
35 hr using [3H]methanol and [14C]butanol as dual permeants. A linear 
relationship between the receiver concentration uersu time was obtained, 
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Table 11-Summary of Results of Pre-scalded Skins 
~~~~~ ~ ~ ~ 


P x lo3, c m h r  Average P X lo3 
Hydration, Abdominal Dorsal Abdominal Dorsal f SD, cmlhr 


hr Methanola Ethanoln Methanol Ethanol 


-0 3.7 3.8 3.1 3.1 3.8 f 0.1 3.1 f 0.0 
5 3.4 3.4 2.8 2.9 3.4 f 0.0 2.9 f 0.1 


3.2 f 0.1 10 3.7 4.0 3.1 3.2 3.9 f 0.2 
15 4.0 4.2 3.4 3.5 4.1 f 0.1 3.5 f 0.1 
20 4.1 4.4 3.2 3.4 4.3 f 0.2 3.3 f 0.1 
25 4.1 4.6 3.2 3.3 4.4 f 0.4 3.3 f 0.1 


3.2 f 0.2 Mean f SD 4.0 f 0.4 


Average 
Ratio f SD 


Pc 2IPc 1 


0.8 f 0.0 
0.9 f 0.1 
0.8 f 0.0 
0.9 f 0.1 
0.8 f 0.0 
0.8 f 0.0 
0.8 f 0.1 


Hydration, 
hr Methanol Butanolb Methanol Butanol Pc,lPc 1 


-0 3.0 
5 3.3 


10 3.1 
15 3.8 
20 3.2 
25 3.0 
3OC - 
35c - 
40 - 


Mean f SD 


Hydration, 
hr Methanol' 


2.6 
2.7 
2.8 
2.7 
2.9 
2.9 
2.8 
2.8 
2.7 


9.7 
9.7 


10.4 


11.9 2.8 f 0.3 10.8 f 1.6 3.9 f 1.0 
11.5 3.0 f 0.4 10.6 f 1.3 3.8 f 1.2 
9.5 3.0 f 0.2 10.0 f 0.6 3.4 f 0.0 


10.3 12.9 3.3 f 0.8 11.6 f 1.8 3.8 f 1.5 
10.1 13.1 3.1 f 0.2 11.6 f 2.1 3.9 f 0.9 
9.4 13.5 3.0 f 0.1 11.5 f 2.9 3.9 f 1.1 
- 12.7 3.0 f 0.3d 11.3 f 2.0d 3.9 f l . l d  
- 12.9 3.0 f 0.3d 11.3 f 2.1d 3.9 f l . ld 
- 12.7 3.0 f 0.4d 11.3 f 2.0d 3.9 f l . ld 


3.0 f 0.1 11.1 f 0.5 3.8 f 0.2 


Hexanole Methanol Hexanol P C 6 1 P C ,  


5 
10 
15 
20 
25 


Mean f SD 


Hydration, 
hr 


2.6 
2.2 
2.5 
2.6 
2.8 
2.8 


3.0 42.0 53.2 2.8 f 0.3 47.6 f 7.9 17.0 f 1.1 
2.6 35.2 43.3 2.4 f 0.3 39.3 f 5.7 16.4 f 0.5 
2.6 36.1 40.3 2.6 f 0.1 38.2 f 3.0 15.0 f 0.8 
2.7 37.3 45.3 2.7 f 0.1 41.3 f 5.7 15.7 f 1.8 
2.7 40.7 45.3 2.8 f 0.1 43.0 f 3.3 15.7 f 1.6 
2.7 38.7 46.0 2.8 f 0.1 42.3 f 5.2 15.4 f 2.3 


2.7 f 0.2 42.0 f 3.3 15.9 f 0.7 


P x lo3, cmlhr Average P X lo3 Average 
f SD, c m h r  Ratio f SD Abdominal Dorsal 


Methanol' Octanol' Methanol Octanol P c  81PC 1 


0 
5 


10 
15 
20 
26 


2.7 2.1 129.6 94.0 2.4 f 0.4 111.8 f.25.1 46.4 f 2.3 
2.2 2.8 87.5 100.2 2.5 f 0.4 93.9 f 9.0 37.8 f 2.8 -~ 
1.8 
2.2 
2.1 
2.2 


2.2 68.3 76.2 2.0 f 0.3 72.3 f 5.6 36.3 f 2.3 
2.3 
2.6 
2.8 


78.7 
75.5 
78.7 


77.9 f 1.2 
73.1 f 3.4 I 79.7 f 1.3 


35.5 f 1.9 
31.6 f 6.2 
32.3 f 4.9 


.~ 


77.0 2.3 I o . 1  
70.7 2.4 f 0.4 
80.6 2.5 f 0.4 


30 1.8 2.9 72.6 91.9 2.4 f 0.8 \ 82.3 f 13.6 36.0 f 6.1 
Mean f SD 2.4 f 0.2 77.1 f 4.3R 34.3 f 2.2g 


Mouse age, 77 days; mouse weight, 20 g. b Mouse age, 54 days; mouse weight, 19.5 g. c The abdominal skins were damaged. d The abdominal data at 0,5,10,15,20, 
and 25 hr of hydration were averaged and combined with the dorsal data a t  30,35, and 40 hr of hydration. Mouse age, 102 days; mouse weight, 33.0 g. f Mouse age, 102 
days; mouse weight, 31.5 g. g Averages of data a t  hydration times of 10,15,20,25 and 30 hr. 


a judicious choice of permeants, the mass transfer mechanisms of the 
membranes can be determined and related fundamentally to permeant 
chemical structure. However, all such research presumes the membranes 
in question to be physically stable over the experimental time frame. 
However, diffusional experiments are by their nature lengthy, and over 
the extended membrane contact time with usually liquid external media 
there is ample opportunity for solvation to modify basic membrane in- 
tegrity. Therefore, the effects of solvation must be considered during the 
assessment of barrier properties. 


In the case of biological membranes, the media bathing the tissue is 
usually aqueous and made osmotically physiological with salts. It is the 
influence of such aqueous solutions that must be assessed. Since biological 
membranes are polyphasic, with each distinct phase presumably having 
a unique hydration sensitivity, a full understanding of hydration phe- 
nomena promises to be of mechanistically interpretive value. Certain skin 
preparations such as tape-stripped skin may be useful for simulating the 
influences of abrasive and disease related damage on the permeability 
of skin. Thus, the stability of processed skins to solvation are also of in- 
terest. 


Effect of Hydration on Permeability of Stripped Skin-The skin 
becomes exceedingly permeable as a result of the stripping procedure 
used, which effectively removes the entire stratum corneum. Table I11 
contains a comparative list of the average permeability coefficients of 
normal skins (abstracted from earlier studies) and stripped skins. The 
stripping procedure made the skin most permeable to water; a more than 
300-fold increase was noted. Both methanol and ethanol demonstrate 
about half as much enhancement. 


As the permeants become more lipophilic, the ratio drops almost ex- 
ponentially, indicating a declining role of the stratum corneum with in- 
creased lipoidal characteristics of the permeants. The permeability 
coefficients for the alkanols through the stripped skin decline by only 
a factor of two from methanol to octanol, in contrast to the systematically 
increasing permeability coefficients of normal skin. The former pattern 
is prima facie evidence that transport of these compounds through the 
dermis and residual epidermis does not involve a lipid/water partitioning 
step. This evidence reaffirms conclusions previously made by these au- 
thors and by Scheuplein and Blank (12). 


With the possible exception of octanol, there does not appear to be any 
change in permeability of the stripped skin sections to water or the n- 
alkanols over >35 hr of hydration (Fig. 2). It was previously reported (1) 
Table 111-Permeabilities of Stripped and Unaltered Skins of 
Hairless Mice 


P X lo3, cm/hr Ratio, 
SkinR Pstrippedl 


Compound Unalteredb Stripped Punaltered 


Water 1.3 f 0.2 420.0 f 18.9 323.0 
Methanol 2.0 f 0.4 269.4 f 25.2 134.7 
Ethanol 2.1 f 0.1 311.4 f 22.0 148.3 
Butanol 10.8 f 2.2 169.1 f 22.0 15.7 
Hexanol 38.8 f 15.6 302.5 f 19.6 7.8 
Octanol 97.8 f 13.5 207.4 f 8.0 2.1 


a Hydrated skins. * Abstracted from Ref. 1. 


232 I Journal of Pharmaceutical Sciences 
Vol. 71, No. 2, February 1982 







100 


5c 


L . S 


E 
0 


2 
X 
Q 2c 


f 
w 
2 


1c 


5 


1 
~~~ 


2 4 6 8 
ALKYL CHAIN LENGTH 


Figure 4-Semilogarithmic plots of average permeability coefficients 
versus alkyl chain length for skins in their natural state of hydration 
(curue 1 )  and for skins which were exposed to saline in the diffusion cells 
for a minimum of 10 hr. Raw data for these plots were abstracted from 
Ref. 1.  


that the permeability coefficients of butanol and hexanol doubled over 
10 hr of soaking. Considering the large increases in absolute permeability 
coefficients of the permeants caused by stripping and the hydration in- 
sensitivity of the membrane to their permeation after stipping, it appears 
that the effect of water with intact skin originates in the horny layer. 


Because both butanol and hexanol increase exponentially on the log 
P uersus alkyl chain length plot, it is evident that  the effects are within 
the lipoid region of the stratum corneum. Whether they represent a 
physicochemical change in the diffusional medium or a physical rear- 
rangement of the critical phase cannot be determined a t  this time. For 
the length of time they were carried out, the data for methanol are con- 
sistent with earlier studies where its permeation rate was found to be in- 
variant in both abdominally and dorsally isolated dermis for hydration 
times of up to 800 hr (8). 


The data for octanol may be interpreted differently. Its hydration- 
permeability profile, previously reported (11, is mechanistically revealing 
(Fig. 3). There is a 50% increase in permeation rates in the first 5 hr of 
hydration, and a 25% decrease by the 10th hr, followed by invariant 
permeability thereafter. T o  aid the discussion, data from previous hy- 
dration effect studies (1) were abstracted and are presented (Fig. 4) in 
terms of the alkyl chain profiles of the unhydrated skins (curve 1) and 
the hydrated skins (curve 2). Both curve 1 and curve 2 contain the fol- 
lowing three segments: ( a )  a lower plateau evident for the polar solutes, 
water, methanol, and ethanol, signifying that  their permeation occurs 
through some sort of highly polar, presumably aqueous pores present in 
the stratum corneum (4); ( b )  a steep rise in the permeability coefficients 
between ethanol and heptanol, which is linear when the data are obtained 
in the fully hydrated state (curve 2). [This segment demonstrates that  
the permeation process of these penetrants is controlled by their parti- 
tioning into the lipid regions of the stratum corneum (3,4)]; and (c) the 
beginning of a second plateau near octanol, meaning that a third mech- 
anism becomes important for the more hydrophobic compounds. 


This mechanism has a permeation rate that  is controlled by aqueous 
tissue resistance encountered in the viable epidermis and the dermis 
(3-5); i .e.,  a t  an alkyl chain length of eight, the rate-controlling stratum 
changes from the horny layer to the viable epidermis and dermis. Based 
on this information and previous observations that octanol permeability 
increases somewhat bith incremental stripping of the skin (7), it can be 
concluded that the control rate of octanol transport is significantly bi- 
phasic. Due to the wide difference in lipophilicity, it is reasonable that 
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A L K Y L  CHAIN LENGTH 
Figure 5-Semilogarithmic plot of auerage permeability coefficients 
(P ualues) versus alkyl chain length for the scalded (60'; 60 sec) skins. 
Data for methanol, ethanol, butanol, and hexanol obtained at different 
times of hydration, were aueraged. The individual permeabilities of 
octanol at -0 and 5 hr of hydration are presented (points A and B ,  re- 
spectively). The remaining octanol data by hydration times of 10,15, 
20,25, and 30 hr were averaged (point C ) .  


the stratum corneum and the dermis might influence the permeability 
of octanol (a transition compound) in an opposite manner, as a function 
of hydration time. Therefore, the initial increase in the permeability 
coefficients of octanol (Fig. 3) may be due to maceration of the stratum 
corneum. (Both competing processes occur simultaneously.) 


If this argument is true, hydration of the stripped skin should slightly 
decrease its permeability to octanol. The hydration profile depicted in 
Fig. 2 indicates that this is probably the case. There seems to be some 
decrease in octanol permeability in the first 5 hr of hydration. This is less 
evident based on the stripped skin data alone but a statistically significant 
and similar effect is noted with scalded skin. I t  is curious that the other 
alkanols studied are not, as far as can be judged, similarly affected in 
stripped skin. At the present time, i t  is not possible to ascribe the ob- 
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Figure 6-Plots of average permeability coefficients (P) of the scalded 
(SO', 6Osec) skins versus time of hydration for methanol, ethanol, bu- 
tanol, hexanol, and octanol. Methanol was used as a copermeant with 
all other alkanols to serue as a control solute. 
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Figure 7-Plots of normalized permeabilities (permeability of alka- 
nollpermeability of methanol) of ethanol, butanol, hexanol, and octanol 
versus t ime of hydration. 


served octanol effect to any specific property of the molecule, i.e., hy- 
drophobicity or molecular size. 


Effects of Hydration on Permeability of Scalded Skins-Figure 
5 graphically illustrates the alkyl chain length profiles of the scalded skin 
permeabilities. Since no definite hydration-permeability trends are 
apparent through hexanol, data obtained a t  different hydration times 
were averaged for water, methanol, ethanol, butanol, and hexanol and 
these averages are plotted. Data for octanol were averaged only after 10 
hr of hydration when its skin permeability coefficient was stabilized. 


Octanol permeabilities a t  -0 and 5 hr of hydration are also displayed 
in Fig. 5. A smooth sigmoidal curve is obtained when the points repre- 
senting the fully equilibrated skin permeabilities are joined. This plot 
contains the three segments of curve 2 (Fig. 4) discussed previously, i.e., 
the lower plateau, steep rise in the P values, and a second plateau. The 
absolute numbers plotted in Fig. 4 (curve 2) and in Fig. 5 are also, in 
agreement within f50%. This close qualitative and quantitative paral- 
lelism between the two situations is significant and indicates that per- 
meation in the normal, fully hydrated skin, and the scalded skin, occurs 
uip the same mechanism. 


There did not appear to be any significant increases or decreases caused 
by aqueous immersion in the permeability of scalded hairless mouse skin 
to the n-alkanols through hexanol. Neither the averages of the actual 
permeability coefficients (Fig. 6 )  nor their ratios to concurrently studied 
methanol permeability coefficients (Fig. 7) varied with hydration time. 
Water, methanol, and ethanol were previously shown to be unaffected 
by hydration in normal skin (1) but there were measurable hydration- 
associated increases in the permeabilities of butanol and hexanol (and 
heptanol). These were obliterated by scalding. The conclusion that 
scalding rapidly hydrates the skin was substantially reinforced by these 
extended studies. Moreover, the absolute permeability coefficients of 
the scalded skins were close in magnitude to those reported for fully 
hydrated normal skin. Therefore, 60-sec scalding not only rapidly hy- 
drates the skin, but alters its permeability to about the same extent as 
does the 10 hr (or longer) aqueous soaking a t  37O. This conclusion can 
aid in the interpretation of burned skin permeability data regardless of 
whether the skin is scalded (6,9) or branded (10, l l ) .  


Octanol appeared to behave diff2rently. Its permeation rates gradually 


declined between 0 and 10 hr of hydration, and remained mostly unal- 
tered thereafter. In view of the discussion and the theory of the switch- 
ing-over of the rate-controlling mechanisms presented in the earlier 
section, it can be hypothesized that the observed decline probably was 
due to the effects of hydration on the epidermis-dermis. The data re- 
ported here further support the tentative interpretation presented to 
explain the up and down trends observed in octanol hydration-perme- 
ability profiles (1). 
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Abstract 0 A sensitive and reproducible GLC assay was developed for 
determining 2,3,4,4a-tetrahydro-1H-pyrazino[l,2a]quinoxalin-5(6H)-one 
(I) in biological fluids, utilizing the electron-capturing capability of the 
heptafluorobutyryl derivative. After single 2.5- and 10-mg/kg oral and 
intravenous doses to three dogs, plasma concentration-time data for I 
were fitted to a biexponential equation and pharmacokinetic parameters 
were calculated. A dose-dependency for certain parameters, most notably 
total body clearance ( C ~ T ) ,  was indicated. The difference in CIT for the 
low and high dose was statistically significant. After single 5-, 25-, and 
50-mg/kg intragastric doses were given to rats, the decline in plasma 
concentrations of I with time followed a monoexponential equation. As 
with dogs, there was a disproportionate change in kinetic parameters with 
increasing dose for rats. While simple Michaelis-Menten kinetics were 
not evident, nonlinearity in biotransformation (intrinsic clearance) ap- 
peared to be the cause for the dose-dependent pharmacokinetics. 


Keyphrases 2,3,4,4a-Tetrahydro-lH-pyrazino[l,2a]quinoxalin- 
5(6H)-one-dose-dependent pharmacokinetics, dogs and rats 0 Anti- 
hypertensive agents - 2,3,4,4a-tetrahydro-lH-pyrazin0[1,2a]quinox- 
alin-5(6H)-one, dose-dependent pharmacokinetics, dogs and rats 0 
Pharmacokinetics-dose-dependent, 2,3,4,4a-tetrahydro-lH-pyrazino 
[ 1,2a]quinoxalin-5(6H)-one, dogs and rats 


The compound 2,3,4,4a-tetrahydro-lH-pyrazino[l,2a]- 
quinoxalin-5(6H)-one (I) is an antihypertensive agent 
that is effective in lowering blood pressure in hypertensive 


I 
dogs, cats, and rats’. Its synthesis has been described 
previously (1). 


For metabolic disposition studies, single intravenous and 
oral doses of 2.5 and 10 mg/kg were given to normotensive 
male dogs and intragastric doses of 5,25, and 50 mg/kg to 
normotensive male rats. From the resulting data, estimates 
of pharmacokinetic parameters were determined and the 
effect of dose on pharmacokinetics was investigated. 


EXPERIMENTAL 


The hydrochloride salt and free base of I were used and 8-fluoro- 
2,3,4,4a-tetrahydro- 1H-pyrazino[ 1,2a]quinoxalin-5(6H)-one hydro- 


Dr. R. L. Wendt, Wyeth Laboratories Inc., Radnor, Pa., unpublished re- 
sults. 
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chloride (11) was the internal standard in the GLC assay. Concentrations 
of I and I1 are expressed as free base. Solvents were obtained com- 
mercially2 and were distilled in glass by the manufacturer. Methylene 
chloride was washed successively with 1 N HCl, 1 N NaOH, and three 
times with water before using. Heptaflu~robutyrylimidazole~ (111) was 
obtained in 1-g ampuls and was used without further purification. 


Drug Administration and Sample Collection-Three normotensive, 
purebred, male beagle dogs (10-14 kg) were used for the study. The dogs 
were fasted 16 hr prior to each dosing, and feeding was resumed 6 hr after 
dosing. Compound I was given orally (2.5 or 10 mg/kg) in capsule form 
and intravenously (2.5 or 10 mg/kg) in saline. Plasma specimens from 
heparinized whole blood were obtained after each dose at 0.25,0.50,1, 
2,4,6,8,12,24, and 48 hr, and also a t  0.08 hr after each intravenous dose. 
The animals were kept in individual metabolism cages and urine was 
collected at  0-4,48, %12,12-24,2436,3648,48-72, and 72-96 hr after 
dosing. Plasma and urine were frozen until analysis. Intervals of at least 
4 weeks separated each dose. 


Male albino rats4 (250-300 g) were randomly assigned to three treat- 
ment groups of 45 animals each, fasted for 16 hr, and given either 5,25, 
or 50 mg/kg of I in sterile water by gastric intubation. The animals were 
fasted except for those to be sacrificed a t  24 and 48 hr. At intervals of 0.5, 
1, 2, 4, 6, 8, 12, 24, and 48 hr, five animals from each dose group were 
anesthetized with ether, blood was drawn from the inferior vena cava into 
heparinized tubes, and the plasma separated by centrifugation. Urine 
was collected at  0-24 and 24-48 hr after dosing from the five animals who 
remained in metabolism cages until sacrifice a t  48 hr. Plasma and urine 
were frozen until analysis. 


Analytical Procedures-To disposable 16- X 125-mm glass culture 
tubes5 (with plastic-lined screw cap) containing a plasma sample (1.0 ml) 
were added 100 ng of I1 in 0.05 ml of water and 0.025 ml 1 N NH40H. 
Plasma samples less than 1 ml were adjusted to 1 ml with drug-free dog 
plasma, and water was added to bring the total volume to 2 ml. Ethyl 
acetate (5 ml) was added to each tube, the tubes were shaken for 5 min 
on a mechanical rocker-type shaker6, and centrifuged for 5 min. The 
organic layer was transferred to another 16- X 125-mm culture tube, and 
the extraction of the aqueous phase was repeated with 4 ml of ethyl ac- 
etate. The combined extracts were mixed7 with 1 ml of 0.1 N H2S04 for 
30 sec and centrifuged. 


The organic layer was aspirated, and the aqueous phase was washed 
with 1.5 ml of methylene chloride. Methylene chloride (5 ml) and 1 N 
NH40H (0.3 ml) were added to the aqueous phase, and the contents were 
mixed for 30 sec and centrifuged. The aqueous phase was aspirated, and 
the organic phase was evaporated to dryness in a 37" water bath under 
a nitrogen stream. The residue was dissolved in 0.7 ml of toluene, and 50 
p1 of I11 was added. The contents were heated a t  55" for 15 min and then 
washed with successive 1 ml portions of 1 N NH40H, 0.2 N HzS04, and 
water. The washed toluene phase was transferred to a 12- X 75-mm test 
tube and stored a t  -20° until analysis by GLC. 


A 1 pl volume was injected into the chromatograph. For each analysis, 
calibration standards were prepared by adding varying amounts (25400 
ng) of I in 0.05-0.1 ml of water to a series of tubes containing 1 ml of 
drug-free dog plasma. Internal standard, alkali, and water were added 
to these tubes in the same way as for the plasma samples of unknown 
concentration. 


Aliquots of urine were diluted to 1 ml with water and processed in a 
manner similar to that for the plasma samples. The calibration standards 
contained 100-800 ng of I and 200 ng of internal standard in 0.1 ml of 
control urine. Additional water was added to adjust the total volume to 
1 ml. 


The samples containing the heptafluorobutyryl derivatives of I and 
I1 were chromatographed on a gas chromatographs equipped with a nickel 
63 electron-capture detector and a 122- X 0.2-cm glass column packed 
with 1% Silar lOCP on 100/20 mesh chromosorb W-HPg. The column 
temperature was 240°, the injection port was 250°, and the detector was 
350O; the flow of carrier gas (95% argon, 5% methane) was maintained at 
26 ml/min. 


A calibration curve was constructed daily by plotting the ratio of peak 
heights for derivatized I to derivatized internal standard uersus the 
concentration of the I standard. Unknown concentrations of I were de- 


Burdick & Jackson Laboratories, Muskegon, Mich 
Pierce Chemical Co., Rockford, Ill. 
Charles River CD-1, Strain COBS. 


5 Corning 99449. 
6 Buchler Instruments, Fort Lee, N.J. 
1 Vortex Genie, Scientific Industries. 
8 Model 5710A, Hewlett-Packard. 
9 Supelco, Inc. 
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Figure 1-Gas-liquid chromatograms. Key: A, 50 ng of I (as derivative, 
t, = 5.5 min) and 100 ng of II (as deriuatiue, t, = 7.2 min) i n  dog plasma 
extract; B, blank dog plasma extract, I ml; C ,  blank dog urine extract 
( I  rnl). 


termined from the calibration curve. 
Pharmacokinetic Analysis-A two-compartment model was applied 


to fit simultaneously the intravenous and oral plasma data from each dog 
a t  a given dose level according to the equations: 


(Es. 1) 
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Table I-Precision of the GLC Assay of I in Dog Plasma 


Concentration of 
I (Free Base), 


n d m l  n Mean Ratio f S D  CV, %" 


25 
50 
100 
200 
400 


25 
50 
100 
2nn 


Experimen$ 
34 f 0.009 4.0 


5 0.486 f 0.011 2.3 
5 0.957 f 0.010 1.1 
5 1.916 f 0.042 2.2 
5 3.866 f 0.050 1.3 


Experimend; 
58 f 0.018 7.0 


5 0.503 f 0.018 3.5 
5 0.989 f 0.041 4.1 
5 2.097 f 0.050 2.4 _ _ _  


400 5 4.194 f 0.034 0.8 


a Coefficient of variation. 
where C is the plasma concentration at time t , k,, a ,  and are the first- 
order absorption, distribution, and elimination rate constants, respec- 
tively, V, is the distribution volume of the central compartment, F is the 
systemic availability of the oral dose, and kz l  is the intercompartmental 
distribution rate constant (2). 


The initial values of model parameters were estimated using the AU- 
TOAN computer program (3). F was estimated by: 


AUC,, X body weighti,/AUCi, X body weight,, (Eq. 3) 


where AUC is the area under the plasma concentration-time curve be- 
tween zero And infinity. Equations 1 and 2 were then applied to fit the 
intravenous and oral plasma data from each dog simultaneously with the 
aid of the NONLIN computer program (4). The statistical weighting 
factor in the least-squares procedure was the inverse of the observed 
plasma concentration and the overall goodness of fit was assessed by the 
coefficient of determination ( r2) .  Other parameters calculated were the 
total body clearance ( C h ) ,  the volume of distribution a t  steady state 
(Vd,,), and after distribution equilibrium (Vdp), the renal clearance 
(C~R) ,  and the intercepts A and B (2). The fraction of the intravenous 
dose eliminated as unchanged I in urine was designated as fi,. 


The plasma concentration-time data from intragastrically dosed rats 
were fitted by a one-compartment model according to the equation: 


Synthesis of Heptafluorobutyramides-Compound I as free base 
(200 mg) in 2 ml of ethyl acetate was reacted with 0.5 ml of I11 a t  55'. After 
completion of the reaction (0.5 hr), the reaction mixture was washed once 
with 2 ml of 0.2 N HzS04, twice with 2 ml of water, and evaporated to 
dryness a t  55' under a nitrogen stream. The residue was recrystallized 
from ethanol and gave 150 mg of 3-(2',2',3',3',4',4',4'-heptafluorobuty- 
ryl) -2,4,4a-trihydro- 1W-pyrazino[ 1,2a] quinoxalin-5- (6H) -one (IV), mp 
188'. 


Anal.-Calc. for Cl5H12N3O2F7: C, 45.12; H, 3.03; N, 10.53. Found C, 
45.23; H, 3.14; N, 10.22. 


The free base of I1 was extracted with ethyl acetate from an alkalinized 
solution of the hydrochloride and then derivatized and crystallized by 
the described method to give 8-fluoro-3-(2',2',3',3',4',4',4'-heptafluo- 
robutyryl)-2,4,4a-trihydro-lH-pyrazino[l,2 a]quinoxalin-5(6H)-one(V), 
mp 190". 


Anal.-Calc. for C15HllN302Fs: C, 43.18; H, 2.66; N, 10.07. Found C, 
43.13; H, 2.69; N, 10.07. 


Mass Spectrometry-Samples were examined by direct introduction 
with the mass spectrometer10 in the electron-impact mode. Source 
temperature was 150-200' and ionizing potential 70 ev. 


Differential Scanning Calorimetry (DSC)-DSC curves were ob- 
tained using a differential scanning calorimeter". Samples (1 mg) were 
heated a t  the rate of lO"/min in a nitrogen atmosphere. 


RESULTS 


Analytical-The elemental analysis of IV indicated that a mono- 
heptafluorobutyryl derivative of I was formed. Consistent with the ele- 
mental analysis, the mass spectrum of IV exhibited a molecular ion a t  


~~ ~ 


AE1-MS902 equipped with a Data General Nova 3 computer and DS-50s 
software. 


11 Model 2, Perkin-Elmer Corp. 


I I I t  
0 4 8 12 16 20 24 


HOURS 
Figure 2-Mean concentrations of I in the plasma of dogs given in- 
travenous (0) and oral (A) doses of 2.5 and I0 mglkg. 


mlz 399 (base peak) and a major ion a t  m/z 202 from the loss of the acyl 
group (CdF70). The thermogram for IV from the differential scanning 
calorimeter (DSC) showed a single sharp peak at the melting point (188') 
of the derivative and no decomposition up to 260". The DSC curve con- 
firmed the purity of the product and demonstrated the stability of the 
derivative at the GLC operating conditions. 


The retention times (t,) of IV and V were 5.5 and 7.2 min, respectively. 
A representative chromatogram from an analysis of 50 ng of I and 100 
ng of I1 in 1 ml of dog plasma is illustrated in Fig. 1A. Chromatograms 
of blank dog plasma and urine (1 ml each) carried through the GLC assay 
are shown in Figs. 1B and lC,  respectively. No metabolites of I interfered 
with the chromatographic detection of IV and V. To determine repro- 
ducibility, the mean ratio of the peak heights of IV to V (n  = 5) and its 
coefficient of variation (CV) a t  concentrations ranging from 25 to 400 
ng/ml were determined during two analyses on separate days (Table I). 
The peak height ratio varied with a CV <7%. The mean ratio was linearly 
related to I concentration with a correlation coefficient of 0.999 between 
these two analyses. The recoveries of the drug a t  each concentration 
varied from 37 to 39% (CV = 2-1370). A minimum of 12 ng/ml could be 
quantified using a 2-ml plasma sample. 


Pharmacokinetics of I in Dogs-Concentrations of I in dog plasma 
after 2.5 and 10 mg/kg iv and oral doses are illustrated in Fig. 2 and the 
derived pharmacokinetic parameters are listed in Table 11. The decline 
in plasma concentrations followed the biexponential equation for a 
two-compartment model. After oral administration, observed peak 
plasma concentrations and standard deviations (Cmax) were 1667 f 651 
and 7710 f 6858 ng/ml for the 2.5- and 10-mg/kg doses, respectively, and 
occurred a t  0.5 hr for each dose. 


The mean drug recoveries in urine and their standard deviations after 


Table  11-Pharmacokinetic Parameters  of I in Dogs following 
Single Intravenous and Oral  Doses 


Dose Statistical 
2.5 mg/kg, 10 mg/kg, Differenceb, 


Parameter Mean f SD Mean f SD t ( P )  


3.44 f 0.91 19.5 f 2.4 1.74' ( N S )  
3.57 f 0.56 2.81' ( N S )  B, d m l  0.65 f 0.98 4.70 f 0.33 8.01 (<0.05) 


C ~ T .  ml/min/kg 9.3 f 0.70 


A ,  d m l  


I p, hr-' 0.24 f 0.03 0.17 f 0.01 3.35 ( N S )  
Vd l i t e d k g  2.3 f 0.2 1.70 f 0.1 7.54 (<0.05) 
Adki,, hr ng/ml 4514 f 331 35620 f 2584 7.gC (<0.05) 
AUC,,, hr ng/ml 3075 f 323 33678 f 6327 5.02" (<0.05) 
F 0.73 f 0.05 0.95 f 0.16 2.42 ( N S )  
kzl, hr-' 0.58 f 0.19 0.36 f 0.05 1.92 ( N S )  
t l l 'LB  hr 2.9 f 0.40 4.10 f 0.20 3.14 (Ns) 
k - .  6r- l  3.0 f 0.80 1.94 f 2.05 1.57 ( N S )  
a: hr-1 2.4 Il.0 1.36 I 0 . 0 4  1.67 ( N S )  
t llz<e3 hr 0.33 f 0.13 0.51 f 0.02 1.73 ( N S )  
V,. . liters/kp 0.61 f 0.19 0.44 f 0.04 1.34 ( N S )  
Va,,, literdkg 1.6 4 0.2 1.08 f 0.06 3.67 ( N S )  
C ~ R ,  ml/min/kg 0.46 f 0.02 0.62 f 0.10 1.87 ( N S )  
f,,, fraction of dose 0.05 f 0.003 0.13 f 0.04 3.22 ( N S )  


The overall goodness of' fit of measured plasma data to the generated curves 
Paired t test; degrees of freedom = 2.  c For statistical (Fig. 2 )  was r2  = 0.93. 


analysis, these parameters were normalized hy dose. 
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HOURS 


Figure 3-Mean concentrations of I (f SD) in the plasma of rats given 
intragastric doses o f 5  mglkg  (A), 25 rnglkg (O) ,  and 50 mglkg (@). 


the 2.5-mg/kg iv and oral doses were 5.0 f 0.3 and 1.8 f 0.8 70 of the ad- 
ministered dose, respectively. After the 10-mg/kg iv and oral doses 13.4 
f 4.4 and 5.4 f 0.5% of the administered doses were recovered, respec- 
tively. 


Pharmacokinetics of I in Rats-Concentrations of I in rat plasma 
after intragastric administration of 5,25, and 50 mgkg are shown in Fig. 
3; the estimated pharmacokinetic parameters are listed in Table 111. The 
decline in plasma concentrations after 5,25, and 50 mgkg was apparently 
monoexponential. In the order of increasing dose, the observed peak 
plasma concentrations (C,,, f S D )  were 1966 f 529,8609 f 3176, and 
38,999 f 5896 ng/ml and occurred a t  0.5 hr for each dose. The mean drug 
recoveries in urine after the 5,25, and 50 mg/kg doses were 1.3 f 0.4,4.0 
f 2.0, and 6.9 f 3.7% of the administered dose, respectively. 


DISCUSSION 
The described GLC assay is highly sensitive and reproducible. The 


minimum quantifiable concentration was 25 ng/ml for a 1-ml specimen, 
while a minimum of 12 ng/ml could be quantified in plasma using 2-ml 
samples. 


In dogs, I was quickly absorbed with a Vd,, (1.6 liter/kg) which is 2-3 
times larger than the reported total body water of the dog [0.5-0.8 literkg 
(511. The calculated availability ( F )  was high (73% for a 2.5-mg/kg dose 
and 95% for a 10-mg/kg dose) and increased with increasing dose (Table 
11). The compound was eliminated rapidly from plasma and was excreted 
to a small extent into urine, but appears to be eliminated mainly by me- 
tabolism. The elimination half-lives in the rat  (Table 111) were less than 
those calculated for the dog (Table II), and similar plasma levels of the 
compound in rats and dogs were observed only when rats received higher 
doses. This species difference in disposition may account for a longer 
duration of the compound’s hypotensive effect in the dog.’ 


Although linear pharmacokinetic models were used to fit the plasma 
data for both dogs and rats, the disproportionate increases in AUC with 
increasing dose indicate that dose-dependent kinetics are in effect. For 
example, total body clearance in dogs is almost reduced by one-half a t  
the higher dose. However, the elimination of I from plasma does not ap- 
pear to follow simple Michaelis-Menten kinetics since the elimination 
is slower after the higher doses than the lower doses in the same con- 
centration range. This pattern suggests product inhibition as pointed out 
by Perrier et al. (6). Thus, the model employed to fit the data yields 
dose-average pharmacokinetic parameters a t  each dosage level which may 
not be operative as a function of specific plasma concentrations. Although 
the differences in @, t 1 / 2 ~ ,  and F a t  the two doses were below statistical 
significance (Table 11) these differences were assumed to be connected 
with the statistically significant change in CIT. The lack of visible non- 
linearity and Michaelis-Menten characteristics precluded fitting the data 
with a specific nonlinear function. However, the NONLIN-fitted least- 
square value of c1T agreed well with the time-average value obtained from 
the quotient DoselA UCi,. 


The factor responsible for the nonlinear disposition of I can be assessed 
further by considering first-pass concepts (7). If complete availability 
from the dosage form is assumed, then the apparent intrinsic clearance 
of I can be estimated as: 


(Eq. 5) 
cl: = (1 - f iv)Dose 


AUC,, 
Int 


Table  111-Pharmacokinetic Parameters  of I in Rats  following 
Single Intragastr ic  Doses 


Dose, mg/kg 
Parameter 5 25 50 


Cmam &ml 2.0 8.6 39.0 


V/F ,  Iiterdkg 2.0 2.1 1.1 


tmax hr 0.5 0.5 0.5 
K, hi-l 0.97 0.41 0.41 
t ID, hf 0.72 1.7 1.7 


AUC. hr d m l  2.6 29.3 116 


Cmam &ml 2.0 8.6 39.0 
tmsV hr 0.5 0.5 0.5 


0.97 0.41 0.41 
0.72 1.7 1.7 


K k l  
t ID, hf 
V/F ,  Iiterdkg 2.0 2.1 1.1 
AUC. hr d m l  2.6 29.3 116 
clT/P, ml!;min/kg 32 14 7 
C ~ R ,  ml/min/kg 0.43 0.56 0.49 


Table  IV-Comparison of Apparent Intrinsic Clearance ( CJnJ 
a n d  Systemic Availability (F) of I a f t e r  Oral  a n d  Intravenous 
Doses in Dogs 


~ ~~ 


Oral Intravenous 
Dose, Clint, Clint, 
mg/kg ml/min/kg Fa ml/min/kg F“ 


2.5 13.0f  1.4 0.76 f 0.02 11.3 f 1.1 0.78f 0.02 
10.0 4.4 f 1.2 0.90 f 0.02 4.5 f 0.6 0.90 f 0.01 


~ 


“ Calculated from Clint and QH as discussed in text. 


where fiv is the fraction of the intravenous dose excreted as unchanged 
I. Protein binding was not measured so these equations do not yield the 
true Clint = Vmax/K,,,. The intravenous doses give the body clearance 
(ClT): 


where QH is hepatic blood flow. 
Equation 6 can be rearranged to: 


Table IV shows calculated values of Clint obtained by both methods. 
Hepatic blood flow in the dog was assumed to be 40 ml/min/kg (8). The 
good agreement and diminishment with dose indicates that nonlinearity 
in I disposition is probably due to a dose-dependent decrease in bio- 
transformation rate. The Clint values can be used to estimate values of 
F ,  as shown in Table IV, since: 


(Eq. 7) F =  


The larger F with increasing dose is consistent with the nonlinear Cline 
The significant decrease in Vdp with increasing dose could result from 
changes in elimination (9). 
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EDlTORlA L 


Training Pharmacists for Today-Not Yesterday 


Approximately 10 years ago, the National Pharmaceu- 
tical Council and the Student American Pharmaceutical 
Association established a cooperative activity known as 
the Pharmaceutical Industry Summer Internship Pro- 
gram. 


From its inception, the program has flourished; it has 
been well-supported by various major drug companies, and 
each year the number of student applicants has exceeded 
the total positions annually available. To date, about 1,000 
students have had an opportunity to participate in the 
program. 


In theory, the program sounded as if it would be a terrific 
learning experience. As described, the student would have 
a meaningful opportunity to add to that student’s overall 
knowledge of pharmacy, with emphasis on its industrial 
aspects. Training would be offered within the industry 
setting which would supplement that received in tradi- 
tional types of pharmacy practice. 


But cynics had their doubts. All too often in the past, 
pharmacists have been taken in by the industry. Beneath 
the attractive surface glitter of other drug industry pro- 
grams or projects, there have been too many instances of 
an ulterior motive. 


Consequently, many pharmacy leaders suspected that 
the NPC-SAPhA Summer Internship Program would turn 
out in actuality to be either: (a) a clever way to get cheap 
help as laboratory glassware washers or for other routine 
“floor sweeper” type jobs; or (b) an ingenious scheme to 
“brainwash” selected student leaders regarding the in- 
dustry’s position on various pharmaceutically related 
policy matters or political issues. 


But it didn’t turn out that way a t  all! In fact, all the 
students, with whom we have talked after they partici- 
pated in the program, have enthusiastically related how 
much they learned, how they were given exposure to a 
broad spectrum of industry operations, and how much 
immediate attention and instruction they received from 
the highly committed and well-qualified professionals who 
served as their preceptors. 


The typical industry program is of about 12-weeks du- 
ration on a full-time basis; this is equivalent to about 
one-fourth of the one-year pharmacy internship required 
by most states. Generally, the internship is of a broad 
general nature, with the student spending the entire 
summer a t  a single drug company, but with rotating as- 
signments in several different departments or divisions, 
such as quality control, marketing, manufacturing, for- 
mulation development, and so on. All those assigned any 
responsibility for the interns emphasize learning over 
productivity and, by training, they usually are pharmacists 
themselves. 


The program did not turn out this well by pure accident. 
The NPC wisely drew up a document entitled “Guidelines 
for Pharmaceutical Industry Internships” which gives 
direction to each individual company in operating its re- 
spective program in a way that will provide reasonable 
uniformity and consistency from one firm to another. 
Furthermore, to its credit, the NPC has consistently shown 
good judgment in organizing and operating the program. 
For example, when initially established, considerable 
constructive input was provided by the SAPhA leadership, 
and ever since its inception, the entire program has been 
regularly monitored by a joint NPC-SAPhA committee. 


In light of the beneficial nature of this internship 
learning experience, efforts have been made to get indi- 
vidual state boards of pharmacy to award credit for par- 
ticipation in such programs. This credit-to a maximum 
of 500 hours of the total 1,500 hours typically specified- 
would partially fulfill the experimental training require- 
ments of state boards of pharmacy as one of the requisites 
for pharmacy licensure. To date, some 32 state boards of 
pharmacy either will allow, or will consider, various 
amounts of time in nontraditional practice experience as 
counting toward the total internship requirement. 


Regrettably, however, the remaining states have refused 
to give credit for participation in either the NPC-SAPhA 
industry program, or for various other equally commend- 
able, nontraditional practice experiences. The latter in- 
clude the Veterans Administration Hospital Pharmacy 
Undergraduate Training Programs, the U.S. Public Health 
Service COSTEP Training Program, national or state 
pharmaceutical association internships, or a host of other 
programs conducted under the auspices of colleges, gov- 
ernmental agencies, or drug companies. 


Both the SAPhA House of Delegates and the National 
Association of Boards of Pharmacy adopted resolutions 
at their 1981 Annual Meetings calling on individual state 
pharmacy boards to recognize and credit nontraditional 
practice experience. Recognition and credit would be 
conditioned upon a determination that a particular pro- 
gram met established criteria including preceptor orien- 
tation and written reports. 


At its recently concluded 1982 Annual Meeting, the 
APhA House of Delegates considered the adoption of a 
similar policy position for the Association. 


Hopefully, the 20 reluctant boards of pharmacy will give 
due consideration to this matter. Pharmacy today is not 
practiced as it was 50 years ago; as a result, it makes little 
sense that the only practice experience that will be ac- 
cepted toward licensure should be exclusively oriented 
toward the way pharmacy was practiced in 1932 rather 
than in 1982. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


Washington, DC 20037 
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EDITORIAL 


Involving IRBs In The Drug Approval Process 


Everyone knows that the Food and Drug Adminis- 
tration is slow, bureaucratic, inflexible, and unimaginative. 
After all, haven’t we all heard and read such allegations on 
numerous occasions? Moreover, many of us in the phar- 
maceutical field have had some personal experiences that 
have confirmed-or a t  least seem to have supported-just 
such conclusions regarding that federal agency. 


Consequently, it  strikes us as strange that there is little 
notice or interest when the FDA advances a proposal that 
would be expected to (a) speed up drug approval, (b) re- 
duce government involvement, (c) provide a major de- 
parture from current drug approval processing, and (d) 
represent innovative thinking on the entire regulation of 
early drug testing. 


We refer to FDA’s proposals to expand the role, function, 
and responsibility of Institutional Review Boards (IRBs). 
These are the local review committees which are now set 
up and operating in many private and public institutions, 
and which serve as a sort of peer review group to examine 
and pass upon the suitability of proposed research in- 
volving human subjects or patients prior to the start of such 
studies. 


Evidently, the general track record to date of these IRBs 
has been quite satisfactory. Experience seems to have 
shown that they are effective and that they work rather well 
in accomplishing their objective of protecting human 
subjects from undue risks. 


The FDA has taken note of this performance and has 
advanced the thought that IRBs might provide an excellent 
vehicle to expedite Phase I testing in the consideration of 
Investigational New Drugs (INDs). Phase I is the initial 
testing in humans that involves short-term studies in a 
small number of normal subjects or patients to test the 
properties of the drug and levels of toxicity, metabolism, 
and pharmacologic effects. 


After basic information about the drug is obtained in 
these preliminary studies, and assuming the results are 
favorable and encouraging, the effectiveness and relative 
safety of the drug are then studied by larger and more de- 
tailed investigations in patients; this is referred to as Phase 
11. Finally, at  Phase 111, more extensive testing is performed 
on patients to systematically assess the drug’s safety and 
effectiveness. 


For various reasons, many compounds tested never get 
beyond Phase I. Moreover, this is a time-consuming process 
that requires practically the same degree of scientific re- 
view resources to evaluate as the subsequent phases which 
involve many more human subjects. Consequently, Phase 


I drains off a considerable, and perhaps disproportionate, 
fraction of FDA’s available resources for conducting 
medical reviews. 


And a t  the same time, a parallel process is being con- 
ducted by the IRBs. If not identical, the process is very 
similar and the ultimate objectives are comparable. Fur- 
thermore, it  has been argued that due to local familiarity, 
the IRB is able to assess the situation far better than any 
agency hundreds of miles away with only a batch of papers 
on which to make its judgments and render a decision. 


Consequently, certain officials within the FDA-along 
with a few outside clinical investigators-have raised the 
question of whether it might eliminate duplication, expe- 
dite drug approval processing, lower research costs, and 
conserve scarce resources if the FDA were to reduce its 
review functions during the Phase I/early-Phase I1 period 
of the IND, conditioned upon a willingness of the IRBs to 
accept increased responsibilities in this area. Such a 
transfer would not change the standards of human subject 
protection and, hence, would not put patients a t  any 
greater risk than under the present arrangement. 


The FDA informally has been “floating” this idea for at  
least a year. And, in the Federal Register of September 11, 
FDA formally described its interest in pursuing such a 
possible arrangement by publishing a summary of the issue 
and inviting comments from all interested parties. The FR 
item asks for views on five specific points as well as inviting 
responses to the general proposition. 


The FDA appears to be genuinely interested in achieving 
some positive result in this matter. FDA Commissioner 
Arthur Hull Hayes, Jr., has supplemented the FR notice 
with a personal mailing to a broad spectrum of individuals 
and groups to call their attention to this issue and to invite 
the widest possible response. 


On the surface, this concept (of using local IRBs to a 
greater extent as a trade-off for reducing most FDA over- 
sight during Phase I and early-Phase I1 drug studies) 
makes a good deal of sense to us. But, as noted above, for 
some strange reason the idea seems to have generated little 
interest or publicity among any of the usually vocal and 
active groups on the drug scene: the lay press, broadcast 
media, consumer advocates, pharmaceutical trade orga- 
nizations, Congress, or special interest groups. 


I t  would be most regrettable-indeed, even tragic-if 
one of the few real potential solutions to reducing govern- 
ment “red tape” and the so-called “drug lag” were allowed 
to die simply because of apathy and neglect on the part of 
all concerned. 


-EDWARD G. FELDMANN 
American Pharmaceutical Association 


Washington, D.C. 
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Abstract  0 Human serum albumin was incubated a t  3'7' in 0.01 M 
phosphate buffer (pH 7.4) under sterile conditions for up to 10 days with 
labeled ['4C]glucose (1-25 mg/ml). Glucose incorporated into albumin 
was calculated following extensive dialysis of the incubation mixture. The 
results indicated that glucose reacted with albumin by a nonenzymatic 
process involving Schiff base formation and Amadori rearrangement to 
a stable ketoamine derivative. The degree of glucosylation was dependent 
on the reaction time, glucose concentration, and pH. Glucosylation was 
enhanced when albumin was fatty acid free. Glucosylated albumin was 
separated from unmodified albumin by cation exchange chromatography 
on carboxymethylcellulose and quantitated colorimetrically with 2- 
thiobarbituric acid. Salicylate binding studies revealed that the glucos- 
ylated component had a decreased salicylate binding capacity accom- 
panied by a reduction in the number of classes of binding sites. 


Keyphrases 0 Albumin, serum-effect of glucosylation on salicylate 
binding, human 0 Glucosylation-human serum albumin, effect on sa- 
licylate binding 0 Binding-salicylate, effect of glucosylation of human 
serum albumin 


It is generally recognized that the major threat to life and 
function posed by diabetes mellitus is the insidious de- 
velopment of long-term complications such as athero- 
sclerosis, microangiopathic vascular disease, and neu- 
ropathy (1,2). Many investigators speculate that frequent 
lapses in diabetic control are associated with an increased 
incidence and rate of progression of the diabetic compli- 
cations. Although the mechanism by which hyperglycemia 


HC=O 


HCOH 
1 
I 


I 
I 


HOCH 
Protein-NH, + I =+F 


HCOH 


HCOH 


CH,OH 
G 1 u c o s e 


H 
I 


HC= N-Protein 


HCOH 


CH,- NH- P ro t  ein 


c=o I 
I 
I 
I 
I 


I +  
I 


I 
I 


HOCH Amadori HOCH 


I Rearrangement HCOH 


HCOH 


HCOH 


HCOH 


CH,OH CH,OH 
Aldimine Ketoamine 


Schiff Base Adduct  
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formation of glycosylated proteins. 


may lead to these complications is unknown, recent at- 
tention has been focused on the nonenzymatic condensa- 
tion of glucose with proteins to yield stable covalent ad- 
ducts (3). Such nonenzymatic glucosylation could result 
in altered protein structure, function, stability, and im- 
munological response (2). 


BACKGROUND 
The demonstration of increased amounts of the glucosylated form of 


hemoglobin A (hemoglobin Alc) in diabetics was the first example of 
posttranslational protein modification correlated with elevated blood 
glucose concentrations (3). Evidence was recently published linking the 
development of corneal opalescence in diabetes with glucosylation of lens 
crystallins (4,5). The nonenzymatic glucosylation of human serum pro- 
teins ( 6 4 ,  insulin (9), and collagen (10) were also reported. Mechanis- 
tically, the nonenzymatic interaction of glucose and protein occurs by 
way of a ketoamine linkage involving the free amino group at  the N- 
terminus or the t-amino groups of lysine residues (Scheme I). 


To establish a closer link between hyperglycemia and secondary 
complications of diabetes, experiments were initiated to compare the 
extent to which fatty acid-free albumin and albumin bound with fatty 
acids are susceptible to glucosylation in vitro. The hypothesis that en- 
hanced rates of nonenzymatic protein glucosylation may contribute to 
the pathophysiology of diabetes is valid if such glucosylation is accom- 
panied by altere'd protein function. To determine whether the glucosy- 
lation of albumin could result in altered protein function, salicylate 
binding to glucosylated, partially glucosylated, and nonglucosylated al- 
bumin was compared. 


EXPERIMENTAL 
Preparation of Glucosylated Albumin-Albuminl (Fraction V) 


solutions of 47.5 mglml were prepared in 0.01 M phosphate buffer, pH 
7.4. Following the addition of D-['4C]glucose2 to final concentrations 
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Figure 1-Dependence of glucose incorporation into albumin on p H  
and composition of incubation buffer. Albumin (47.5 mglml) was in- 
cubated at 37' in 0.01 Mphosphate buffer (0) and 0.1 M tromethamine 
buffer (0) containing 10 mglml (1 pCi) of [14C]glucose. After 24 hr, 
samples with the indicated pH were dialyzed, lyophilized, and counted 
for radioactiuity. Values are the means of four determinations f S D .  


Sigma Chemical Co., St. Louis, Mo. 
2 New England Nuclear, Boston, Mass. 
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ranging from 1-25 mg/ml, the solutions were sterilized by ultrafiltration 
and incubated for up to 10 days in capped, sterile vials a t  37'. At the end 
of each incubation period, 1-ml samples were removed and dialyzed 
against several 1000-fold volumes of distilled water for 24 hr a t  4'. A 
portion of the dialysate was monitored for the presence of free glucose 
by the glucose oxidase method3. The remainder was lyophilized and 
counted for radioactivity. Incubated samples were compared to control 
samples which were prepared by dissolving identical quantities of albu- 
min and [ L4C]glucose in phosphate buffer and immediately dialyzing 
against distilled water for 24 hr. 


Influence of pH on the  Glucosylation of Albumin-Albumin (47.5 
mg/ml) was incubated at  37' in 0.01 M phosphate buffer and 0.1 tro- 
methamine buffer containing 10 mg/ml of D-[14C]glucose (1 pCi). The 
pH of the reaction solutions was varied from 5.0-9.0. After 24 hr of in- 
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Figure %-Incorporation of glucose into albumin and fa t ty  acid-free 
albumin as a function of glucose concentration. Albumin (0) and fatty 
acid-free albumin (0) were incubated at 37' in 0.01 M phosphate buffer, 
pH 7.4, containing the indicated concentrations of [14C]glucose. After 
24 hr the  incubated samples were dialyzed, lyophilized, and counted 
for radioactivity. Values are the means of four determinations *SD. 


3 Glucose oxidase kit, Sigma Chemical Co., St. Louis, Mo. 
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Figure 3-Incorporation of glucose into albumin and fa t t y  acid-free 
albumin as a function o f  incubation time. Albumin (0) and fatty 
acid-free albumin (0) were incubated at 37' in 0.01 Mphosphate buffer, 
p H  7.4, containing 10 mglml [14C]glucose. Aliquots were removed at 
the  indicated times, dialyzed, lyophilized, and counted for radioactivity, 
Values are the  means of four determinations *SD. 


cubation, the samples were dialyzed, lyophilized, and counted for ra- 
dioactivity. 


Galactosylation of Albumin-Albumin (47.5 mg/ml) was incubated 
with 1 pCi of ~-[6-~H]galactose (1 mg/ml) in 0.01 M phosphate buffer, 
pH 7.4, a t  37'. After 36 hr the reaction samples were treated as described 
previously. 


Glucosylation of Albumin with D-[2-3H] and D-[5-3H]glucose- 
Albumin (47.5) mg/ml) was incubated with 1 pCi D-[2-'HH]glucose (10 
mg/ml) in 0.01 M phosphate buffer, pH 7.4 at  37". In an identical incu- 
bation, albumin was reacted with lpCi D-[5-3H]glucose (10 mg/ml). After 
36 hr of incubation, the reaction samples were treated as described pre- 
viously. 


Thiobarbituric Acid Test for Glucosylated Protein-Glucosylated 
protein was detected using a modification of the thiobarbituric acid 
procedure of Fluckiger and Winterhalter (11). This assay measures 5- 
(hydroxymethy1)-Z-furaldehyde released upon hydrolysis of ketoamine 
adducts of proteins (Scheme 11). 


Samples of glucosylated albumin (5 mg) were placed in 15-ml culture 
tubes and dissolved in distilled water (1 ml). After the addition of 1.0 N 
oxalic acid (0.5 ml), the tubes were gently shaken, capped, and placed in 
a heating block a t  100' for 5 hr. The tubes were subsequently cooled and 
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Figure 4-Separation of human serum albumin into glucosylated and 
nonglucosylated components by chromatography on carboxymethyl- 
cellulose. Samples in 0.01 M sodium acetate, pH 4.65, were applied to 
a column (17 X 2 cm) of carboxymethylcellulose and eluted using a 
200-ml gradient of 0.01-0.5 M sodium acetate, pH 4.65. Elution with 0.5 
M sodium acetate is indicated by the arrow. 
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Figure 5-Percentage glucosylated albumin as a function of incubation 
time. Albumin (47.5 mglml) was incubated at 37' in 0.01 M phosphate 
buffer, pH 7.4,  containing 10 mglml glucose. Aliquots were removed at 
the indicated times, dialyzed, lyophilized, and I0 mg was subjected 
to carborymethylcellulose chromatography to separate the glucosylated 
fraction. Values are the  means offour determinations kSD. 
cold 40% trichloroacetic acid (0.25 ml) was added to precipitate the 
protein. The contents were then centrifuged a t  2OOOXg for 10 min. An 
aliquot (1 ml) of the supernate was removed and added to a solution of 
0.05 M aqueous 2-thiobarbituric acid (0.5 ml). After mixing and an in- 
cubation period of 15 min a t  37O, the absorbance of each sample was 
measured a t  443 nm. 


Chromatographic Separation of Glucosylated and Nonglucosy- 
lated Albumin-Glucosylated and nonglucosylated albumin were sep- 
arated using cation exchange chromatography on carboxymethylcellulose 
(6). Carboxymethylcellulose was suspended in 0.01 M sodium acetate 
buffer, pH 4.65, and packed in a 30 X 1.7-cm column to a length of 20 cm. 
Samples (50 mg) in the sodium acetate buffer were applied to the column 
and eluted with a 200-ml gradient of 0.01-0.5 M sodium acetate buffer, 
pH 4.65. Fractions (1 ml) were collected and assayed for protein content 
by an earlier method (12). An aliquot (0.1 ml) of each fraction was mon- 
itored for radioactivity. 


Utilizing larger columns, 1-g quantities of glucosylated and nonglu- 
cosylated albumin were separated for use in the salicylate binding studies. 
Separated fractions were dialyzed against water for 24 hr and then ly- 
ophilized prior to their use in salicylate binding studies. 


Salicylate Binding Capacity of Glucosylated and Nonglucosy- 
lated Albumin-The salicylate binding properties of nonglucosylated, 
FZ-lO% glucosylated, 25-30% glucosylated, and 100% glucosylated albumin 
were compared by the equilibrium dialysis method4. Albumin (47.5 
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GLUCOSYLATED ALB-UMIN, 96 
Figure 6-Formation of 5-(hydronymethyl)-2-friraldehyde from glu- 
cosylated albumin. Albumin (47.5 mglml) was incubated at 37" in 0.01 
M phosphate buffer, pH 7.4, containing 10 mglml of glucose. Aliquots 
were removed at different times, dialyzed and lyophilized. T e n  milli- 
grams was subjected to carboxymethylcellulose chromatography to 
determine the percentage of glucosylated albumin formed. Another 5 
mg was subjected to the 2-thiobarbituric acid test. Values are the means 
offour determinations rtSD. 
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Dianorm multiple dialyzing system, Medizinisch-Wissenschaffliche Institute, 
Zurich. Switzerland. 
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Figure 'I-Salicylate bound to nonglucosylated, partially glucosylated, 
and completely glucosylated human serum albumin. Percent salicylate 
bound to partially glucosylated (5-1070, Q; 25-357&, Q), nonglucosy- 
lated (O), and completely glucosylated (0) human serum albumin. 


mg/ml) was dialyzed against 1.2, 1.0, 0.8, 0.6, 0.5, 0.4, 0.25, and 0.125 
mglml sodium salicylate. After 2.5 hr of dialysis, the solutions were 
acidified and extracted with 1 ml of chloroform. The concentration of 
salicylate in the chloroform extracts was assayed a t  310 nm (13). 


RESULTS AND DISCUSSION 


Incubation of [ 14C]glucose with human serum albumin at  physiological 
pH, temperature, and albumin concentration resulted in the incorpora- 
tion of labeled glucose into protein. This radioactivity was not removed 
by extensive dialysis against distilled water, suggesting a covalent linkage 
between glucose and albumin. T o  determine the nature of the linkage 
between glucose and albumin, the glucosylated albumin was treated with 
oxalic acid, resulting in the release of 5-(hydroxymethyl)-2-fural- 
dehyde, which was detected by the characteristic colored adduct formed 
with 2-thiobarbituric acid (Scheme 11). Formation of 5-(hydroxy- 
methyl)-2-furaldehyde is characteristic of monosaccharides bound to 
protein by a ketoamine linkage (3). 


Additional evidence for the ketoamine linkage was provided by studies 
in which albumin was separately incubated with 1FCi of D-[2-3H]glucose 
and D-[5-3H]glucose having identical specific activities. In the case of 
glucose labeled in the 5-position, the glucosylated albumin had a specific 
activity of 670 cpmlmg of albumin. In contrast, albumin incubated with 
glucose labeled in the 2-position showed a specific activity of 267 cpm/mg 
of albumin. These results indicated loss of the label from the 2-position 
of the sugar, thus implying the occurrence of an Amadori rearrangement 
during the reaction. Obviously, glucosylation of albumin occurred by the 
same mechanism as in the formation of hemoglobin Alc; that  is, glucose 
reacted with the amino groups of albumin to form aldimine linkages, 
which subsequently underwent an Amadori rearrangement to form the 
more stable ketoamine linkages (Scheme I). 
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Figure 8-fbsenthal plot for salicylate bound to nonglucosylated, 
partially glucosylated, and completely glucosylated human serum al- 
bumin. [OR], bound salicylate (mM);  ID], unbound salicylate (mM) .  
Key: @, 5-1076 glucosylated albumin; a, 25-307; glucosylated albumin; 
0, nonglucosylated albumin; and 0 ,  completely glucosylated al- 
bumin. 
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The degree of nonenzymatic glucosylation of human serum albumin 
was dependent on the pH and composition of the incubation buffer (Fig. 
1). The reaction between glucose and albumin most likely occurs by 
means of a nucleophilic attack by an unprotonated amino group on the 
glucose molecule. A t  physiological pH, few of the primary groups exist 
in the unprotonated state. This situation may account for the relatively 
slow rate of the glucosylation reaction. 


A t  physiological pH and temperature, human serum albumin as well 
as fatty acid-free albumin incorporated labeled glucose in a concentra- 
tion-dependent manner (Fig. 2). However, at every glucose concentration 
employed, glucose incorporation into fatty acid-free albumin was sig- 
nificantly greater than that incorporated by albumin bound with fatty 
acids. Perhaps common sites were utilized in the covalent binding of 
glucose and the ionic binding of fatty acids. In diabetes, the increased 
levels of albumin glucosylation may adversely affect fatty acid transport 
and, thus, may contribute to the pathogenesis of the disease. 


The rate of glucose incorporation into albumin and fatty acid-free al- 
bumin was also dependent on the reaction time (Fig. 3). In both cases, 
during the initial 2 days of incubation the rate of glucose uptake was faster 
than in the succeeding days. This indicated that some sites on the albu- 
min molecule were more easily glucosylated than others. The initial rate 
of glucose incorporation into fatty acid-free albumin was considerably 
faster than into albumin. This suggests that the process of defatting the 
albumin resulted in the release of additional sites that were capable of 
being glucosylated. However, the preparation of fatty acid-free albumin 
was accomplished at  a pH below 3.0 for a period of not less than 8 hr (14, 
15). This treatment may have caused the hydrolysis of glucose molecules 
already covalently bound to albumin, thereby releasing additional sites 
for glucosylation. 


Nonenzymatic glycosylation of albumin by means of a ketoamine 
linkage can occur with hexoses other than glucose. Calculations based 
on the amount of radioactivity incorporated into albumin revealed that 
9.95 pg of galactose and 8.8 pg of glucose were bound to albumin following 
identical incubations in which galactose and glucose (1 mg/ml) were 
reacted separately with albumin (47.5 mg/ml) under physiological con- 
ditions for 36 hr. This incorporation of galactose into albumin is not 
surprising in view of the reported glycosylation of hemoglobin with other 
sugars and sugar-phosphates (3). 


Glucosylated albumin was readily separated from unmodified albumin 
by cation exchange chromatography on carboxymethylcelluloe (Fig. 4). 
Prior to the in uitro incubation with glucose, albumin was found to be 
5-10% glucosylated as determined by the chromatographic separation 
of the glucosylated from nonglucosylated components. In addition, the 
percentage of glucosylated albumin increased proportionally with time 
(Fig. 5). 


Figure 6 illustrates the results obtained when glucosylated albumin 
is subjected to the 2-thiobarbituric acid test. It is evident that 5-(hy- 
droxymethyl)-2-furaldehyde generation is directly dependent on the 
percentage of glucosylated albumin formed, suggesting the basis for a 
practical colorimetric assay to monitor the degree of diabetic control. 
Until now, only hemoglobin Alc has been considered as a diagnostic in- 
dicator for the long-term control of diabetes. Measurement of glucosy- 
lated albumin may be more advantageous, since the half-life for albumin 
is only 20 days (16) compared with 120 days for erythrocytes. Assuming 


that glucosylated and nonglucosylated albumin have the same turnover 
rate, one would expect fluctuations in blood glucose to be detected more 
sensitively by changes in glucosylated albumin than in glucosylated he- 
moglobin. Moreover, unlike hemoglobin Alc values, the amount of glu- 
cosylated albumin is not influenced by hemolytic disorders. 


The results obtained from the salicylate binding studies indicate that 
the percentage of salicylate bound to totally glucosylated albumin is 
significantly lower than that for nonglucosylated or partially glucosylated 
albumin (Fig. 7). Analysis of the data by means of a Rosenthal plot (17) 
suggests that nonglucosylated and partially glucosylated albumin possess 
more than one class of binding sites, whereas 100% glucosylated albumin 
appears to possess only one class of binding sites (Fig. 8). The fact that 
the glucosylated component of albumin has a significantly decreased 
capacity to bind salicylate may have little significance for the diabetic, 
since the glucosylated fraction comprises a relatively small proportion 
of total albumin. Even at 25-30% glucosylation, there is no significant 
decrease in the salicylate binding capacity. 
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Abstract  0 Methodology for the preparation of rat  and human pan- 
creatic lipase (EC 3.1.1.3) is described, which resulted in good yield of 
partially purified, stable enzyme useful for kinetic studies. Apparent K ,  
values for the rat (6.5 mM) and human (3.5 mM) enzyme were deter- 
mined with triolein as the substrate. Several compounds of the phen- 
ethylamine class were found to be inhibitors of both rat and human 
pancreatic lipase. The structural feature in the phenethylamine series 
tested, which appeared to be necessary for lipase inhibition, was a halo- 
genated substituent on the 3 or 4 position of the aromatic ring as in flu- 
tiorex, fenfluramine, N-benzyl-/3-methoxy-3-(trifluoromethyl)phen- 
ethylamine (I) ,  chlorphentermine and p-chloroamphetamine. A chloro 
group a t  the 2 position was ineffective (chlortermine). Alterations in the 
ethylamine portion of the molecule did not cause significant changes in 
the inhibitory properties of the active phenethylamines. 


Keyphrases Phenethylamines-inhibition of pancreatic lipase, rats 
and humans Kinetics-competitive inhibition of pancreatic lipase, rats 
and humans Pancreatic lipase-inhibition by phenethylamines, rats 
and humans 


The anorectic effect of many compounds of the phen- 
ethylamine class has been recognized for almost 40 years 
(1). In addition to anorexia, some phenethylamines show 
marked effects on lipid metabolism. Amphetamine and 
fenfluramine have been shown to decrease the postpran- 
dial rise in plasma triglycerides in corn oil loaded rats (2-4) 
and in humans (5), and to elevate plasma free fatty acid 
concentration (5, 6 ) .  Fenfluramine also was reported to 
inhibit hepatic lipogenesis (2),  reduce intestinal motility 
(4), and interfere with postabsorptive reesterification by 
inhibiting rat intestinal palmitolyl CoA monolein trans- 
ferase activity (7). Furthermore, fenfluramine and an an- 
alog, benfluorex, were reported to inhibit pancreatic lipase 
(2,8,9). Although these activities were postulated previ- 
ously (4, 10) to explain (in part) weight reduction by fen- 
fluramine through decreased dietary triglyceride absorp- 
tion, a study in healthy humans revealed that fenfluramine 
did not alter fat absorption (11). 


In addition to phenethylamines, several chemically 
unrelated compounds which inhibit the release of free fatty 
acids from adipose tissue reportedly interfere with post- 
prandial lipemia (12, 13). Barboriak, et al. (12) deman- 
strated that 3,5-dimethylpyrazole, salicylic acid, and nic- 
otinic acid inhibit plasma triglyceride rise in rats given corn 
oil. In these studies, reduced fat absorption was observed 
in animals receiving salicylic acid. Another report (13) 
demonstrated the antilipolytic activity of two a-blockers, 
phentolamine and phenoxybenzamine. These studies were 
furthered by examination of inhibitory effect of phento- 
lamine and phenoxybenzamine on rat epididymal fat and 
pancreatic lipases (14). The epididymal fat lipase appeared 
to be inhibited by both a-blockers; pancreatic lipase was 
inhibited by phenoxybenzamine but stimulated by 
phentolamine. 


The present study reports the effectiveness of various 
phenethylamines and other antilipolytic agents as inhib- 


itors of rat and human pancreatic lipase. A systematic in 
vitro evaluation of representative compounds was initiated 
using freshly prepared, partially purified preparations of 
rat and human pancreatic lipase. The results were com- 
pared with those obtained with diethyl-p-nitrophenyl 
phosphate, a known active site inhibitor of hog pancreatic 
lipase (15). 


MATERIALS AND METHODS 


Pancreat ic  Lipase Preparations-Rat pancreatic proteins were 
prepared by adaptation of a method described for the guinea pig pancreas 
(16). In a representative experiment, six female Sprague-Dawley rats1, 
weighing 180-220 g were fed a 20% corn oil diet ad libitum for 8 to 10 
weeks. This diet was shown to increase pancreatic lipase levels -50% (17, 
18). Prior to sacrifice the rats were fasted for 24 hr to accumulate zymogen 
granules in the acinar cells of the pancrease (19). The pancrease was re- 
moved quickly after sacrifice and immersed in oxygenated Krebs-Ringer 
bicarbonate. The pancreatic lobules were prepared as described previ- 
ously (16). Eight lobules corresponding to -50 mg wet weight per flask 
were incubated for 4 hr in 5 ml of the oxygenated Krebs-Ringer bicar- 
bonate containing carbachol M ) ,  soybean trypsin inhibitor (10 
pg/ml), benzamidine (10 mM), and phenylmethylsulfonyl fluoride (5 
mM). After incubation the flask contents were centrifuged at 100,000xg 
for 30 min. The resulting juice was frozen immediately in liquid nitrogen 
and stored a t  -70'. 


Human pancreatic juice was obtained from a patient with acute pan- 
creatitis whose pancreatic duct had been cannulated. Benzamidine (8.2 
mM) and soybean trypsin inhibitor (0.5 mg/ml) were added to the col- 
lection vessels to deter enzymatic degradation of the lipase. The juice was 
stored a t  -70'. 


Rat and human pancreatic juices were purified by gel filtration chro- 
matography2 (2.5 X 100 cm) using 0.05 M tromethamine3 buffer, pH 8 
a t  25". Protein profiles were monitored at  280 nm4. Active fractions were 
combined, concentrated5, and stored in 1-ml aliquots a t  -70'. These 
preparations remained fully active for over 6 months and were the source 
of enzymes for all experiments. 


Pancreat ic  Lipase Assays-Two methods were utilized for the 
pancreatic lipase assay. The first was developed for use in screening large 
numbers of compounds and was based on the method of Krauss et al. 
(20). Glycerol tri[l-14C]oleate (32 mM) was emulsified in 0.2 M tro- 
methamine, pH 8 a t  36" containing 0.15 M NaCI, bovine serum albumin 
(15 mg/ml, fatty acid free), and sodium taurocholate (1.4 mM) by soni- 
cation for three 1-min intervals at  80 watts6. The final assay volume was 
1.0 ml. The reaction was initiated by the addition of enzyme and was al- 
lowed to proceed for 10 min. Under these conditions the reaction was 
linear for up to 20 min. The liberated free fatty acids were extracted and 
quantitated in a liquid scintillation counter7. The second method used 
was the titrimetric assay described by Maylie et al. (15). An olive oil- 
sodium taurocholate (1.4 mM) emulsion stabilized in 2% gum arabic was 
the substrate. The molecular weight of triolein (885 g) was used to cal- 
culate the substrate concentration. The final assay volume was 3.0 ml. 
The reaction was initiated by the addition of enzyme. The long-chain 
fatty acids released a t  25' (pH 8) were continuously titrated with the aid 
of a recording pH-stats. The lipase activity was determined directly from 
the slope of the linear portion of the curve. 


' Charles River Breeding Laboratories, Wilmington, Mass. * Sephadex G-200, Pharmacia, Piscataway, N.J. 
Trizma, Sigma Chemical Co., St. Louis, Mo. 
Uvicord 11, LKB, Sweden. 
PMlO filter, Amicon Corp., Lexington, Mass. 
Labsonic 9100, Labline Instruments, Melrose Park, Ill. 
Packard model 3380, Downers Grove, Ill. 
Radiometer, Copenhagen, Denmark. 
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Figure 1-Lineweaver-Burke plot of ra t  and human G-200 lipase ac- 
tiuity. Assays were run using the described pH-stat method. Key: 0, rat 
G-200 lipase (protein concentration, 8.6 figlml); and 0, human G-200 
lipase (protein concentration, 9.2 Fglml). 


Inhibitors were added to the assays as solutions in either 90% ethanol 
or water, pH 8; 90% ethanol had no effect on pancreatic lipase activity 
assayed by either method. 


Protein determinations were performed using the Lowry method 
(21). 


Materials-Glycerol tri[l-14C]oleateg was used without further pu- 
rification. Sodium taurocholate, norepinephrine, epinephrine, phenyl- 
ephrine, bovine serum albumin (fatty acid free), dopamine, phenethyl- 
amine, phenylpropanolamine, 1 -ephedrine, d -ephedrine, tyramine, and 
diisopropylfluorophosphate were purchased commercially10. Hydroxy- 
amphetamine, amphetamine, phenoxybenzamine and N-benzyl- 
~-methoxy-3-(trifluoromethyl)phenethylamine (I) were used as re- 
ceived". Diethylpropion'z, protokylollZ, metaraminol13, nordefrin13, 
t~aminoheptane'~,  cy~lopentamine'~, meth~xyphenarnine'~, clorter- 
mine16, phentermine'?, nylidrinlS, m e t a p r ~ t e r e n o l ~ ~ ,  benzphetamineZ0, 
phenmetrazineZ1, phentolamineZ1, chlorphenterminezZ, fenfluramineZ3, 
flutiorexZ4, p-chlor~amphetamine~~,  and diethyl-p-nitrophenylphos- 
phateZ6 were used without further purification. 


RESULTS 


Characterization of Pancreatic Lipase Activities-Gel filtration 
of rat and human pancreatic juices by chromatography resulted in partial 
purification of both enzymes. The enzyme activities emerged 2.2 void 
volumes for rat lipase and 2.0 void volumes for human lipase resulting 
in a twofold purification of rat lipase and a sevenfold purification of 
human lipase. 


Molecular weights were determined on the chromatographic column 
by comparing the elution of the lipases to standard proteins. The rat li- 
pase appeared to have a molecular weight near 37,000; the human lipase 
molecular weight was -48,000 (22). 


The kinetics of the lipolytic reactions of the two lipase preparations 
were analyzed using the Michaelis-Menten formula as has been done for 
hog lipase (23) and phospholipases (24-26). The effects of varying sub- 
strate concentration on the initial velocity are shown in Fig. 1. Apparent 
K, values obtained for rat and human (3-200 lipase were of the order of 
6.6 mM and 3.5 mM, respectively. It is not known whether the similar 
apparent K ,  values are due to enzyme similarities or the physical char- 
acteristics of the emulsion assay system. 


To determine whether the G-200 preparations contained colipase, 
purified hog colipase was incubated for 10 min a t  37" with both the rat 


Amersham, Arlington Heights, Ill. 
lo Sigma Chemical Co., St. Louis, Mo. 
l1 Smith, Kline & French, Philadelphia, Pa. 
l2 Merrell-National Laboratories, Cincinnati, Ohio. 
l 3  Winthrop Laboratories, New York, N.Y. 
l4 Eli Lilly, Indianapolis, Ind. 
l5 Ganes Chemical Works, Carlstadt, N.d. 
l6 USV Pharmaceuticals, Tuckahoe, N.Y. 
l7 Beecham-Messengil Pharmaceuticals, Bristol, Tenn. 


Millmaster Chemicals, New York, N.Y. 
l9 Boehringer-Ingelheim, Ltd., Elmsford, N.Y. 
2o Upjohn, Kalamazoo, Mich. *' Geigy Pharmaceuticals, Ardsley, N.Y. 
22 Warner-Lambert, Morris Plains, N.J. 
23 A. H. Robins, Richmond, Va. 
24 Synthelabo, France. 
25 Leo Pharmaceuticals, Denmark. 
26 Aldrich, Milwaukee, Wis. 
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Figure 2-Effect of added colipase on rat and human G-200 lipase. Two 
moles of pure colipase per mole of lipase were incubated with lipase for 
10 min a t  37". An aliquot of the incubated enzyme-colipase mixture was 
added to the assay medium and the initial velocity recorded using the 
pH-stat  assay. Key: 0, minus colipase; and 0, added colipase. (A), ra t  
G-200 lipase; and (B), human G-200 lipase. 
and human G-200 preparations a t  a ratio of 2 moles pure colipase to 1 
mole of enzyme. The enzymic activities were assessed from initial velocity 
measurements using the pH-stat assay. As seen in Figs. 2A and 2B, there 
was no enhancement of either rat or human lipase activity after addition 
of exogenous colipase, indicating the G-200 lipase preparations were 
saturated with colipase. However, the additional colipase provided some 
protection of enzymic activity a t  high taurocholate concentrations (5-14 
mM) . 


Inhibition of Rat G-200 Pancreatic Lipase-Many phenethylam- 
ines with central nervous system effects were inactive as inhibitors of 
pancreatic lipase. Table I shows the results of a structure-activity profile 
of the phenethylamine series evaluated in the carbon 14 and pH-stat ti- 
trimetric assays. All compounds were tested either to 20 mM or 100% 
inhibition. The catecholamines were either ineffective or slightly stim- 
ulatory toward rat pancreatic lipase. Interestingly, the five compounds 
in this series, which exhibited good inhibition, were the compounds re- 
lated to amphetamine but with halogenated substituents on the 3 or 4 
position of the aromatic ring. Inhibition constants summarized in Table 
I, as determined by a graphical method (27), were calculated for the five 
active phenethylamines from initial velocity data recorded during the 
titrimetric assay a t  6 and 28 mM substrate concentrations. The lines were 
determined from linear regression analyses of the initial velocity data 
points which appeared to lie along a straight line. Cooperative and 
competitive inhibitory phenomena were observed for flutiorex, fenflur- 
amine, and chlorphentermine. Using this method chlorphentermine, 
flutiorex, fenfluramine, p-chloroamphetamine, and I gave Ki values of 
1.9,3.0,3.3,6.2, and 11 mM, respectively. Analysis of the carbon 14 assay 
data resulted in Ki values of 9.6 mM for chlorphentermine, 6 mM for 
p-chloroamphetamine, 3.5 mM for flutiorex, 9.0 m M  for fenfluramine, 
and 11 mM for I (Table I). Variation in the initial velocity was observed 
at the low substrate concentrations (6 mM triolein). However, this was 
<lo% variation in the resulting Ki values. Interestingly, chlortermine, 
a phenylamine having a chlorine in the 2 position of the benzene ring, was 
not an inhibitor of rat pancreatic lipase, whereas the 4-chloro derivatives 
were inhibitors. 


Two a-blockers were examined as inhibitors of rat  G-200 pancreatic 
lipase and compared with diethyl-p-nitrophenylphosphate. The data 
were obtained and analyzed in the same manner as was done for the 
phenethylamines. The results are given in Table 11. Phenoxybenzamine, 
which appeared to be a very strong inhibitor in the carbon 14 screen (0.9 
mM), was a much weaker inhibitor when evaluated in the titrimetric 
assay (10 mM). This discrepancy was due to the fact that phenoxyben- 
zamine delayed the initial velocity reaction for up to 6 min. However, after 
the initial lag time the enzymatic reaction proceeded and required rela- 
tively high phenoxybenzamine concentrations for inhibition. 


Phentolamine was inhibitory in both the carbon 14 and titrimetric 


Journal of Pharmaceutical Sciences I 479 
Vol. 71, No. 4, April 1982 







Table I-Chemical Structures  of Phenethylamines and  Inhibitory Properties on Ra t  Pancreatic Lipase 


CH-CH-NH 
Pancreatic Lipase Activity 


Ki (mM) 
r4C Assay Tit,rimetric Assay 


Flutiorex 
Fenfluramine 
N-Benzyl-(3-methoxy-3-(triflu- 


oromethy1)phenethylamine 
Chlorphentermine 
p -Chloroamphetamine 


Phenethylamine 
Amphetamine 
Methamphetamine 
Benzphetamine 
Phentermine 
Phen ylpropanolamine 
d-Ephedrine 
1-Ephedrine 
Diethylpropion 
Phenmetrazine 
Methoxyphenamine 
Clortermine 
PhenvleDhrine 


3-SCF3 
3-CF3 
3-CF3 


4-CI H 
4-C1 H 


2-OCH3 
2-CI 
3-OH 


H 
H 
H 
H 
H 
OH 
OH 
OH 
0 
r 
H 
H 
OH 


Metaiaminol 3-OH OH CHI H - ._ __. _. . ~~ 


Tyramine 4-OH H H H 
Hydroxyamphetamine 4-OH H CH3 H 
Nylidrin 4-OH OH CH3 d 
Isoxsuprine 4-OH OH CH3 e 
DoDamine 3-OH. 4-OH H H H 
NGepinephrine 
Epinephrine 
Nordefrin 
Isoproterenol 
Protokylol 
Metaproterenol 
C yclopentamine 
Tuaminoheptane 


~~ 


3-OH:4-OH OH H H 


3.5 3.0 
9.0 3.3 


11.0 11.0 


96 
85 


100 
100 
100 
119 
112 
109 
100 
90 
91 
90 


111 
117 
85 


126 
88 
80 


111 
113 
106 
106 
100 
100 
84 


104 


assay. Inhibition constants of 5.8 mM for the former assay and l .6mM 
for the titrimetric assay were determined from Dixon plots (27). Di- 
ethyl-p-nitrophenylphosphate, an active site inhibitor of hog lipase (15), 
gave comparable K,  values for rat (2-200 lipase in both the carbon 14 assay 
(0.1 mM) and the titrimetric assay (0.1 mM). Diisopropylfluorophos- 
phate, an inhibitor of enzymes having an essential serine residue in the 
active site, produced no inhibition of rat G-200 lipase a t  20 mM. This 
agrees with data obtained with hog lipase (15). 


Inhibition of Human G-200 Pancreat ic  Lipase-The active in- 
hibitors of rat (2-200 pancreatic lipase were tested as inhibitors of human 
G-200 pancreatic lipase using the pH-stat titrimetric assay. Except for 
minor variations, the inhibitors of rat G-200 lipase were also effective as 
inhibitors of human (2-200 lipase (Table 111). 


Dikthyl-p -nitrophenylphosphate was the most effective inhibitor of 
both rat and human G-200 lipase giving identical inhibition constants 
of 0.1 mM. p-Chloroamphetamine was a stronger inhibitor of human 
G-200 lipase with an inhibition constant of 3.5 mM compared with rat 
G-200 lipase, 6.2 mM. The other active compounds gave inhibition con- 
stants for human G-200 lipase that were comparable or identical to the 
inhibition constants obtained for rat G-200 lipase. 


DISCUSSION 


Based on the reported specific activities for purified rat lipase and 
purified human lipase (2€&30), the present preparations of rat and human 
G-200 lipases were 47 and 65% pure, respectively. A molecular weight of 
37,000 was calculated for the rat lipase and agreed with the reported value 
of 36,000 (28). The human lipase had a calculated molecular weight of 
48,000, slightly higher than the reported values of 45,000 (30) and 46,000 
(29). 


The fact that gel filtration did not appear to separate lipase from col- 
ipase was a major advantage of the present preparations. The presence 
of sufficient colipase for maximum activity with rat or human lipase was 
demonstrated in the experiments where high taurocholate concentrations 


(14 mM) did not inhibit significantly and added colipase did not stimulate 
significantly (Fig. 2). 


The reversal of bile salt inhibition of lipase by colipase is most notable 
using the nonphysiological bile salt, taurodeoxycholate (28,31,32) and 
the nonphysiological substrate, tributyrin (23,28). With a more physio- 
logical substrate (33), taurocholate at concentrations of 1-3 mM stimu- 
lated lipase hydrolysis of olive oil whether or not exogeneous colipase was 
added (Fig. 2). In the absence of exogeneous colipase, taurocholate a t  
concentrations >6 mM produced similar decreases in rat and human li- 
pase activity in agreement with previous results (34). Exogenous colipase 
protected the activity from this mild inhibition. 


The results from conventional kinetic analysis were valuable despite 
difficulties due to the complex nature of the enzyme systems. The ap- 
parent K ,  values calculated for rat (6.5 mM) and human (3.5 mM) li- 
pases (Fig. 1) were on the same order as reported by Maylie, et al. for hog 
lipase using olive oil as substrate (23). In that communication, the re- 
ported K ,  values were 2 mM in the presence and 3.5 mM in the absence 
of colipase, with 1.6 and 0.4 mM taurodeoxycholate, respectively. These 
K ,  values do not represent the affinity between lipase and triglyceride 
as would be interpreted in aqueous systems. However, as suggested in 
another report (35) the K ,  values do reflect the affinity of the enzyme 
molecule for the emulsion interface and could be considered the en- 
zyme-interface dissociation constant, thereby lending a physical concept 
to the value. 


The evaluation of compounds as inhibitors of lipase was validated by 
the agreement between the two lipase assays. The single-time point 
carbon 14 assay was valuable since a large number of compounds could 
be evaluated quickly. However, it did not have the ability to distinguish 
compounds which delayed the initial velocity from the true enzyme in- 
hibitors. The pH-stat assay, which recorded initial velocities, could dis- 
tinguish easily between the two types of compounds. Phenoxybenzamine 
was an inhibitor that caused a long delay in the initial velocity of rat G-200 
lipase. Previous studies which indicated that phenoxybenzamine was a 
potent inhibitor of pancreatic lipase (1 mM resulting in 80% inhibition), 
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Table 11-Inhibition Constants of Non-Phenethylamine 
Inhibitors of Ra t  Pancreatic LiDase 


Pancreatic Lipase 


Carbon 14 Assay 
Assay Titrimetric 


Compound Ki (d) 
Diethyl-p-nitrophenylphosphate 0.1 0.2 
Phenoxybenzamine 0.9 10.2 
Phentolamine 5.8 1.6 
Diisopropylfluorophosphate No inhibition a t  20 mM 


Table 111-Comparison of Inhibition Constants of Inhibitors of 
Rat  and Human Pancreatic Lipase 


Pancreatic Lipase 
Rat Human 


Compound Ki (mM) 


Diethyl-p-nitrophenylphosphate 0.1 0.1 


Chlorphentermine 1.9 2.1 
Phentolamine 1.6 1.1 


Flutiorex 3.1 2.6 
Fenfluramine 3.3 3.8 
p-Chloroamphetamine 6.2 3.5 
Phenoxybenzamine 10.0 8.9 
N-Benzyl-~-methoxy-3-(trifluoromethyl)phene- 11.0 12.0 


thvlamine 


utilized a single-time point assay and eliminated bile salt from the assay 
medium (36). Either condition might be responsible for the discrepancy 
between the present results and those published previously. Because of 
the complexity of the lipase system, phenoxybenzamine and the other 
inhibitors may interfere with an organization step in the enzyme-coli- 
pase-substrate-bile salt complex, thereby causing the lag time and/or 
inhibition of the initial velocity. A disruption of the lipase-colipase in. 
teraction by fenfluramine has been reported recently (37). 


The utility of classical kinetics in studying the competitive inhibitors 
of lipase was evident in the use of the Dixon plot and resulting Ki values 
for ranking the efficacy of lipase inhibitors. Cooperative and competitive 
inhibitory properties were observed for fenfluramine, flutiorex, chloro- 
phentermine, and phentolamine a t  concentrations >10 mM. A halo- 
genated substituent on the 3 or 4 position of the aromatic ring (flutiorex, 
fenfluramine, I, chlorphentermine, p-chloroamphetamine) appeared to 
be necessary for lipase inhibition in the phenethylamine series tested 
(Table I). A chloro group at  the 2 position was ineffective (chlortermine). 
Alterations in the ethylamine portion of the molecule did not cause sig- 
nificant changes in the inhibitory properties of the active phenethyla- 
mines. These data confirm the inhibitory effect of fenfluramine on 
pancreatic lipase (2,8) and extended the observation to include a struc- 
ture-activity profile of a number of phenethylamines. 
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Abstract  0 The axial and radial tensile strengths of compressed tablets 
have been measured by a tensiometer. A comparison of these strengths 
is indicative of the bonding strength in two directions and may be related 
to the tendency toward capping. The influence of compressional force, 
concentration of binder, and time on the tensile strengths of several 
materials is presented. 


Keyphrases 0 Tensile strength-factors influencing axial and radial 
tensile strengths in tablets Tablets-factors influencing axial and radial 
tensile strengths o Compressional force-factors influencing axial and 
radial tensile strengths of tablets 


Tablets must possess sufficient strength to  withstand 
mechanical handling and transport. Various types of tests 
(abrasion, bending, indentation hardness, diametral 
crushing) have been used to  express strength (1); however, 
the data from these tests seldom can be correlated in a 
precise manner. Even the most common strength test of 
diametral crushing may cause failure of the tablet by more 
than one type of force (2,3). If the test method is designed 
so that tablet failure is a result of the application of tensile 
strength only, strength may be expressed precisely in terms 
of kilograms per square centimeter (4-7). 


Most pharmaceutical tablets are anisotropic and non- 
homogeneous, with the values of their properties ( e . g . ,  
density and strength) varying in different directions. The 
purpose of this investigation was to measure the axial and 
radial tensile strengths of tablets as influenced by com- 
pressional force, concentration of binder, and aging. 


EXPERIMENTAL 


Preparation of Tablets-Powders to he granulated were blended in 
a planetary mixer’. The appropriate amount of granulating solution was 
added and mixed for 5 min. The mass was passed through an oscillating 
granulator2, collected on drying trays, and dried overnight in a forced-air 


KitchenAid, Hobart Corporation, Troy, Ohio. 
Type FGS, Erweka-Apparatebau, GmbH, Heusenstamm Kr., Offenhach Main, 


West Germany. 


oven a t  ambient temperature. A 16/20-mesh size fraction of the dried 
granulation was separated by standard sieves. Directly compressible 
materials were separated by standard sieves into a 60/80-mesh size 
fraction. An appropriate weight of the material to produce tablets from 
0.3 to 0.5 cm thick was compressed by means of 1.275-cm flat-faced 
punches and the die fitted to a hydraulic press7 for 5 sec a t  the desired 
compressional force. The die wall was prelubricated with 5%) magnesium 
stearate in acetone. At least 72 hr elapsed bet,ween t.ahlet compression 
and measurement of tablet strength to allow for any stress relaxation. 
The weight and thickness of 10 tablets were determined. 


Measurement of Radial Tensile Strength-The radial tensile 
strength of the tablet was measured by a diametral compression test. The 
tensiometer4 was modified for compression by the use of a compression 
device used for calibration of the mercury manometer of the tensiometer. 
Steel bolt heads served as platens for the radial compression test. To 
ensure that the tablet failed in tension, a padding, consisting of three 
layers of manila computer cards 1 mm thick, was used (5,6,8). The length 
.of each paper strip was sufficient to extend over the edge of the bolt. head. 
The pad was replaced after -200 tablets had been fractured. The tablet 
was strained at the rate of 0.299 cm/min. The maximum force for tablet 
failure resulting from tensile stress (3, 4)  was determined, and the 
force-displacement profile was recorded. The maximum tensile failure 
force F ,  of 10 tablets was determined, and the average was used to cal- 
culate the radial tensile strength (a,) by the relationship: 


(Eq. 1) 


where D is the diameter (1.275 cm) and t is the t.hickness of the tablet 
(9). 


Measurement of Axial Tensile Strength-The tablet was linearly 
aligned and fixed between the machined heads of two 1.275 X 3.54-cm 
steel bolts by means of a cyanoacrylate resin adhesives. The adhesive was 
cured a t  room temperature for at  least 36 hr prior to testing. By use of 
a pair of adapters, the bolt-tablet-bolt assemblage was fitted horizontally 
into the tensiometer. The tablet was strained at  the rate of 0.229 cm/min. 
The tensiometer allowed the recording of the stress component against 
the extension, proportional to the distance moved by the crosshead beam. 
The distance traveled by the crosshead beam was magnified 16 times and 
recorded on the drum chart paper. The value of the maximum force was 
recorded only if failure was due to tension stresses. Tablet failure occurred 
in the body of the tablet and not near the tablet-bolt interface. The av- 


3 Carver press, model C, Menomonee Falls, Wis. 
Hounsfield Tensiometer, Type W, Tensiometer Ltd., Croydon, England. 
Eastman 910 Adhesive, Eastman Kodak, Kingsport, Tenn. 
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Table I-Densits of Materials and Granulations 
30 


- 25-- 
E, . 
m 
Y 


I' 20-- 
I- 
0 z 
w 


15.. tz 


5 


w 
1 


10.. 


I- 


5.. 


Material Density, g/cm3 
-- 


Microcrystalline cellulose" 
Benzoic Acid 
Dibasic calcium phosphatec-povidoned (1.0%) 
Dibasic calcium phosphate"-povidoned (7.0%) 
Dibasic calcium phosphatee-starch (1.2%) 
Dibasic calcium phosphatee-starch (4.5%) 
Heptane, normal 
Hydrous lactosef-povidone (1.0%) 
Hydrous lactosef-povidone (9.0%) 
Hydrous lactose/-starch (1.9%) 


1.34 
1.36 
2.45 
2.43 
2.13 
2.12 
0.679 
1.44 
1.44 
1.46 


Avicel P H  102, FMC Corp., Marcus Hook, PA 19061. * S. Shah, Ph.D. Thesis, 
The University of Iowa, Iowa City, Ia., 1975. Ruger Chemical Co., Inc. Plasdone 


29-32, GAF Corp., New York, N Y  10020. Emcompress, Edward Mendell Co. 


erage maximum force of axial tensile failure of 10 tablets was used to 
calculate the axial tensile strengt,h by the relationship (10): 


r USP, Humko-Sheffield, Memphis, TN 38101. 


4F, 
D 2  


g =- (Eq. 2) 


Measurement of Density-The densities of the materials and 
granulations were determined by pycnometry using n-heptane at  25' and 
are given in Table I. The measured dimensions and weight of each cy- 
lindrical tablet were used to calculate the apparent density of the tablet. 
The relative density used in the Heckel plot is the quotient of the ap- 
parent density of the tablet and the density of the material. The values 
of porosity used in the Ryshkewitch relationship were calculated from 
the relationship: 


porosity = (1 - pappsrent/p) (Eq. 3) 


Conservation curves, rather than tables of the dimensions and calcula- 
tions, are presented for each tablet. 


RESULTS AND DISCUSSION 


The consolidation of a powder to form a tablet proceeds through several 
stages during compression (11,12). As a force is applied to a powder, in- 
terparticular rearrangement causes consolidation to the closest packing. 
Additional compressional force results in deformation of the particles 
by brittle fragmentation; plastic, nonrecoverable conformation changes; 
and/or elastic, recoverable conformation changes. Eventually, maximum 


Figure I-The influence of compressional force on tensile strengths 
of tablets compressed of 60/80-mesh size dibasic calcium phosphate 
dihydratefi. Key: (A) axial; (0) radial. 


1 


i 2 3 4 
STARCH, % 


Figure 2-The influence of starch on the tensile strengths of tablets 
of dibasic calcium phosphate dihydrate6 compressed a t  2268 kg. Key: 
(A) axial; (0) radial. 


consolidation is attained a t  which an increase in compressional force no 
longer reduces the relative volume of the tablet. I t  has been shown (13), 
in terms of density, that the distribution of compressional pressure within 
a tablet exists. I t  was previously demonstrated that the bond formation 
is greater in a region where, because of compressional pressure, distri- 
bution is more intense (14). 


For an isotropic, homogeneous tablet, the radial and axial tensile 
strengths should be equal. The distribution of compressional force, dif- 
ferences in density within a tablet, and the mixture of materials con- 
tribute to the nonhomogeneity of the tablet and to the nonuniformity 
of tensile strengths. To demonstrate this, the axial and radial tensile 
strengths were measured experimentally. Typical results for several 
materials are given in Table I1 in which there is a difference in the axial 
and radial tensile strengths for each material. 


As shown in Table 11, the variance of radial tensile strength is less than 
the variance of the axial tensile strength. The experimental conditions 


l00 i  80 


0.19 e 


I 
2000 4000 6000 8000 


COMPRESSIONAL FORCE, kg 


Figure 3-The influence of compressional force on tensile strengths 
of tablets of dibasic calciumphosphate dihydratefigranulated luith 1.2% 
starch. At each compressional force the value is given for ~ z l a x .  Key: 
(A) axial; (0) radial. 
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Table 11-Strength Characterist ics of 1.275-cm Diameter Cylindrical Tablets of Several Directly Compressible Materials 


Material 
Compressional 


Force, kg 


Mean Force of 
Axial Tensile 
Failure, kgd 


Dibasic calcium 
phosphate dihydrate" 


Lactose, anhydrous * 
Microcrystalline 


cellulosee 
Aspirin 
Benzoic acid 


454 
1134 


3402 
907 
454 


1361 
454 


1134 
3402 


2268 


2.2 (0.8)p 
5.6 (1.6) 


13.0 (4.2) 
15.1 (3.0) 
19.6 (1.4) 


14.0 (1.9) 
14.2 (1.4) 
15.2 (1.2) 
17.0 (3.0) 


8.4 (1.6) 


Axial Tensile 
Strength, uz ,  


kg/cm' 


1.7 (0.4)f 
4.4 (0.9) 
6.6 (0.9) 


10.2 (2.4) 
11.8 (1.6) 
15.4 (0.8) 


11.0 (1.1) 
11.1 (0.7) 
11.9 (0.6) 
13.3 (1.6) 


Mean Force of 
Radial Tensile 
Failure, kgd 


4.6 (0.2)e 
9.5 (0.4) 


12.4 (0.6) 
18.5 (0.9) 
12.9 (0.5) 
28.4 (0.4) 


13.4 (0.6) 
16.2 (1.0) 
17.4 (0.6) 
14.0 (1.2) 


Thickness, 
cm 


0.479 (0.005)t' 
0.443 (0.004) 
0.414 (0.001) 
0.404 (0.003) 
0.428 (0.001) 
0.429 (0.007) 


0.437 (0.002) 
0.494 (0.012) 
0.482 (0.013) 
0.479 (0.008) 


Radial Tensile 
Strength, ux ,  2 


4.8 (0.1)f 0.35 
10.7 (0.3) 0.41 
14.9 (0.5) 0.44 
22.8 (0.8) 0.45 
15.1 (0.4) 0.78 
33.0 (0.4) 0.47 


15.3 (0.5) 0.72 
16.4 (0.7) 0.68 
18.0 (0.4) 0.66 
14.7 (0.9) 0.90 


kg/cm2 ux 


Emcompress, Edward Mendell Co., Carmel, N.Y. * Lactose Direct Tabletting, Humko-Sheffield. Avicel PH 102, FMC Corp. Average of 10 tablets. Standard 
deviation. f Confidence interval at 95% prohability. 


of the diametral compression (radial) test are specifically controlled to 
ensure tablet failure d y  because of tcnslon stresses. The axial t.wt. has 
the disadvantage of requiring the adapter-bolt-tablet assemblage to be 
placed horizontally in the tensiometer. Bending stress due to the mass 
of the adapter and the torsion stress due to loading are present in each 
sample. These additional stresses add to the deviation in applied tension 
stress required to cause failure of the tablet. A similar set of experimental 
values using another apparatus has been reported (15). 


The radial tensile strength is greater than the axial tensile strength 
with a brittle material (dibasic calcium phosphate dihydrate"). The dif- 
ference may be a reflection of the number of clean particle bonds and of 
original particle bonds oriented in the axial and radial direction. In brittle 
fracture, clean surfaces are formed during compression, and two fresh, 
clean surfaces bond to form the strongest bond. A newly formed surface 
may bond to an original surface of another particle, whereas two original 
surfaces, which bond during compression, probably form the weakest 
bond. 


When a brittle material is compressed along the vertical (axial) axis, 
the stress upon each particle does not necessarily compress the particle 
along the axial direction because of the random packing and alignment 
of the particles toward each other during the stages of compression; 
however, a greater potential exists for vertical stress on the particles 
during the relocation and fragmentation stages due t,o the movement of 
the punch. The overall result is that more clean surfaces are created when 


'"I A 
80 i / 


1 1 
I .  


2000 4000 6000 8000 
COMPRESSIONAL FORCE, kg 


Figure 4-The influence of compressional force on the tensile strengths 
of  tablets compressed o f  dibasic calcium phosphate dihydrate6granu- 
lated with 4.5% starch. Key: (A) axial; (0) radial. 


Emcompress. Edward Mendell Co., Carmel, N.Y. 


they are normal to the radial than to the axial direction. As the com- 
preusional force is increased, a hrit~tle fracture results in a stronger, radial 
tensile strength than axial tensile strength (Fig. 1). The slope (0.00577, 
r = 0.990) of the radial tensile strength-force line is twice that of the slope 
(0.00275, r = 0.993) of the axial tensile strength-force line. 


The Griffith fracture theory (16) proposes that failure results from the 
existence of flaws or cracks within the sample. If more bonds are formed 
in the radial direction, the potential for the presence of a flaw or crack 
is greater in the axial than the radial direction. This concept appears to 
be supported by the results shown in Fig. 1. 


Influence of Compressional Force a n d  Concentration of 
Binder-In tableting technology, a blend of pharmaceutical powders 
is commonly granulated with a granulating or binding solution. The in- 
corporation of the binder increases the adhesiveness of the formulation. 
As shown in Fig. 2, the radial tensile strength of tablets compressed a t  
2268 kg of force from dibasic calcium phosphate dihydrate6 granulated 
with starch paste is increased as the concentration of starch is increased. 
The axial tensile strength is increased to its greatest value a t  3% starch 
and is not increased by an additional increase in the starch concentra- 
tion. 


The effect of compressional force on the tensile strength of tablets 
compressed from dibasic calcium phosphate dihydrate6 with 1.2% starch 
is shown in Fig. 3. For the given concentration of binder, the axial tensile 
strength is increased to a maximum value a t  4536 kg of force and is not 
increased a t  greater compressional forces. 


The tensile strengths of tablets compressed from dibasic calcium 
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Figure 5-The influence of pouidone on the tensile strengths of tablets 
of  dibasic calcium phosphate dihydrate7 compressed at 2268 (-) and 
at 4536 k g  (- - - -). Key:  (A) axial; (0) radial. 
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Figure 6-The influence of compressional force on the tensile strengths 
of tablets of dicalcium phosphate dihydrate granulated with 1.0 (-) 
and with 7.0% (- - - -) povidone. At each compression force the value 
is given for vz/nx. Key: (A) axial; (0) radial. 


phosphate dihydrate6 with 4.5% starch are shown in Fig. 4. The rate of 
increase of radial tensile strength with an increase in compressional force 
is essentially the same as that of the tablet containing 1.2% starch. The 
maximum axial tensile strength is attained at the same compressional 
force as for the tablet containing 1.2% starch, hut there is no decrease in 
axial strength as the compressional force is increased further. This dif- 
ference in the axial and radial tensile strength-force profiles indicates 
that  consolidation is not uniform throughout the entire tablet mass. 


Similarly, for tablets compressed a t  2268 and 4536 kg of force from 
dibasic calcium phosphate dihydrate7 granulated with povidone, the 
tensile strengths are increased as the concentration of povidone is in- 
creased (Fig. 5). The influence of compressional force on tensile strength 
of tablets of dibasic calcium phosphate dihydrate7 and povidone is il- 
lustrated in Fig. 6. As the compressional force is increased, the slope of 
the radial tensile strength versus percent of binder increases more rapidly 
than the slope of the axial tensile strength. A maximum axial tensile 
strength is attained a t  5-6% povidone when compressed a t  4536 kg. 


The influence of compressional force on the tensile strengths of tablets 


l 5  t I. 39 


I. 06 1 1.07 


1 2 3 4 5 6 7 8 9  
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Figure 7-The initial influence of pooidone on the tensile strengths 
of tablets of hydrous lactose compressed at 1134 kg. At each compres- 
sional force the value is given for uz/up Key: (A) axial; (0) radial. 


7 Ruger Chemical Co., Irvington, N.J. 
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Figure 8-The influence o f  compressional force on the tensile strengths 
of tablets of hydrous lactosegranulated with I (--) and 9.0% (- - - -) 
pouidone. At each compressional force the value is given for uJvP Key: 
(A) axial; (0) radial. 


of dibasic calcium phosphate dihydrate7 granulated with 1.0 and 7.0% 
povidone is shown in Fig. 6. The strength of tablets compressed from 
dibasic calcium phosphate dihydrate6 is increased only moderately with 
an increase in compressional force. At low concentrations of binder, the 
effect of compressional force on dibasic calcium phosphate dihydrate7 
is moderate, but a t  high concentrations, 7% of binder, the tensile strength 
is significantly increased with an increase in compressional force (Fig. 
6). 


The influence of povidone concentration on the tensile strength of 
hydrous lactose tablets compressed a t  1134 kg of force is shown in Fig. 
7. The concentration of povidone has little effect on the radial tensile 
strength. As the concentration of povidone is increased, the axial tensile 
strength is increased rapidly to values that exceed the radial tensile 
strength. Thus, povidone axially strengthens a tablet of hydrous lactose 
to a greater extent than a tablet of dibasic calcium phosphate dihydrate. 


I 0 . 2 5  


I I 1 


2000 4000 
COMPRESSIONAL FORCE, kg 


Figure 9-The influence o f  compressional farce on tensile strengths 
of tablets of hydrous lactose granulated with 1.9% starch. At each 
compressional force the value is given for ur/ux .  Key: (A) axial; (0) 
radial. 
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Figure 10-Density-compressional pressure relationship according 
to Heckel plot. Key: (0) dibasic calcium phosphate dihydrate6; (0) with 
1.2% starch; (A) with 4.5% starch. 


Since the granulating solvent was water, in which lactose is soluhle, the 
lactose may have partially dissolved a t  the surface of the granules and 
upon drying formed bridges, which mechanically strengthened the tablet 
(17, 18). 


The influence of compressional force on the tensile strengths of tablets 
composed of hydrous lactose with 1.0 and 9.0% povidone is shown in Fig. 
8. There is a maximum axial tensile strength attained at  a low concen- 
tration of hinder with an observed tendency for capping a t  high com- 
pressional forces. Lactose behaves as a Mohr body (19) and is known to 
be prone to capping (20). A similar result is shown in Fig. 9 for tablets of 
hydrous lactose granulated with 1.9% starch. 


Behavior of Material-Heckel (21, 22) characterized the behavior 
of materials during compression hy the relationship: 


K P  + A  - 1 
log - - - 


1 - prei 2.303 
(Eq. 4) 


I I I 
I 


1000 2000 3000 
COMPRESSIONAL PRESSURE, kg/crn2 


Figure 12-Density-compressional pressure relationship according 
to Heckel plot of hydrous lactose granulated with pouidone and starch. 
Key: (A) 1.0% pouidone; (0) 9.0% povidone; (0) 1.9% starch. 


deformation of the material undergoing compression (23). The intercept 
of the curved portion of the curve a t  low pressure represents a value due 
to densification by particle rearrangement. The intercept obtained from 
the slope of the upper portion of the Heckel plot is a reflection of the 
densification obtained during consolidation. A large value of the slope 
indicates the onset of plastic deformation at  relatively low pressures (24). 
A Heckel plot for tablets of dihasic calcium phosphate dihydrate6 is 
shown in Fig. 10. The small value of the slope indicates consolidation of 
dibasic calcium phosphate dihydrate is not by plastic deformation but 
primarily by brittle fracture (25). 


where prel is the relative density, P is the compressional pressure, and K 
and A are constants. The slope ( K )  has been related to the reciprocal of 
the mean yield pressure, which is the minimum pressure required to cause 


I 1 I 


2000 4000 
COMPR ESSIONA L PRESSURE, kglcrn' 


Figure 1 1-Density-compressiorial pressurr relationship according 
to Heckrl plot for dibasic calcium phosphate dihydratr7granulatrd with 
pouidone. Key: (A) 1.0'; pouidone; (0) 7.0"; pouidone. 
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Figure 13-Tensile strengths-porosity relationship of logarithmic form 
of the R.vshkeuitch rquation for  dibasic calcium phosphate dihydrate6 
granulated with 1.2 I-) and 4.5% (- - - -) starch. Key: (A) axial; (0) 
radial. 
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Figure 14-Tensile strengths-porosity relationship of logarithmic form 
of Ryshkewitch equation for dibasic calcium phosphate dihydratel  
granulated with 1.0 (-) and 7.0% (- - - -) pouidone. Key: (A) axial; 
(0) radial. 


The effect of the addition of starch to dibasic calcium phosphate di- 
hydrate6 is shown in Fig. 10. The lower mean yield pressures (1442 and 
1904 kg/cm2 with 1.2 and 4.5% binder, respectively) for dibasic calcium 
phosphate6 granulated with starch, than the mean yield pressure (4303 
kg/cm2) for dibasic calcium phosphate dihydrate indicate that the ad- 
dition of starch confers some plastic property to the mass. The density- 
compressional pressure relationship of dibasic calcium phosphate di- 
hydrate7 granulated with povidone is plotted in Fig. ll. The lower mean 
yield pressure (2535 kg/cm2) for dibasic calcium phosphate dihydrate7 
granulated with 7.0% povidone than the mean yield pressure (3282 kg/ 
cm2) with 1.0% povidone indicates the onset of plastic deformation with 
an increase in concentration of the hinder. 


The Heckel plots for lactose granulated with povidone and for lactose 
granulated with starch are shown in Fig. 12. The mean yield pressure is 


b 
1 I I 
5 10 15 20 


POROSITY, % 


Figure 15-Tensile strengths-porosity relationship of logarithmic form 
of the Ryshkewitch equation for hydrous lactose granulated with 1.0 
(--) and 9% (- - - -) pouidone. Key: (A) axial; (0) radial. 
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Figure 16-Tensile strengths-porosity relationship of logarithmic form 
of Ryshkewitch equation for  hydrous lactose granulated with 1.9% 
starch. Key: (A) axial; (0) radial. 


decreased as the concentration of plastically deformed povidone is in- 
creased. The addition of a plastic binder to an excipient tends to confer 
some plasticity to the excipient. 


Ryshkewitch (26) observed that: 


log uX = log gmar - bp (Es.  5) 


T 


3% Pov done  


't 
5 % Povi done 
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Figure 17-The influence of t ime on  the  tensile strength of tablets of 
hydrous lactose granulated with 3 and ,5@,A pouidone. Key: (A) axial; (0) 
radial. 
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Table 111-Values of Constants b and  u,,, of the Ryshkewitch 
Equation 


b UIllElX r 


Lactose granulated with 1.9% starth 5.7 31.8 0.981 
Lactose granulated with 1.0% povidone" 5.5 27.4 0.996 
Lactose granulated with 9.0% povidone 5.3 36.1 0.996 
Dibasic calcium phosphate dihydrate 7.6 48.2 0.979 


Dibasic calcium phosphate dihydrate* 5.1 89.3 0.991 


Dibasic calcium phosphate dihydrate' 4.6 95.4 0.993 


Dibasic calcium phosphate dihydrate' 4.1 106.6 0.999 


Ruger Chemical Co. ' Emcornpress, Edward 
Mendell Co. 


where u, is the radial tensile strength, urn= is the theoretical radial tensile 
strength a t  zero void, b is a constant, and p is porosity. 


In Fig. 13 the logarithms of tensile strengths are plotted against the 
porosity of tablets compressed from dibasic calcium phosphate dihydrate6 
granulated with 1.2 and 4.5% starch, and the increase in starch increases 
the radial tensile strengt.h 47%, even though the porosity remains at  25%. 
The increase in starch increases the radial tensile strength only 12% as 
zero void is approached. 


The Ryshkewitch relationship of tensile strength to the porosity of 
dibasic calcium phosphate dihydrate7 granulated with 1.0 and 7.0% 
povidone is shown in Fig. 14. The maximum axial tensile strength occurs 
a t  6-7% porosity, which is the same porosity as for dibasic calcium 
phosphate dihydrate6s7 and starch. 


Similarly, the Ryshkewitch relationships for hydrous lactose with 1.0 
and 9.0% povidone are plotted in Fig. 15. A nine-fold increase in coil- 
centration of povidone causes a 58% increase in radial tensile strength 
near 20% porosity and only a 34% increase near zero void. The Rysh- 
kewitch relationship for hydrous lactose with starch is shown in Fig. 16. 
Values for the constants of the Ryshkewitch equation are given in Table 
111. 


I t  appears that the concentration of the binder has a greater influence 
in more porous tablets than in those approaching zero void. As com- 
pressional force is increased and the porosity of the tablet is decreased, 
the interparticular distances through which adhesive forces operate are 
shorter. Thus, the adhesive forces of the material are stronger a t  lower 
porosity, and a lesser amount of binder would be required to produce a 
tablet of the desired strength. 


Index of Capping-The elastic property of a material is responsible 
for the capping or failure of a tablet perpendicular to its compressional 
axis. When the compressional force is removed, shear deformation occurs 
as the elastic material rebounds (27). Strains are magnified about regions 
of low density, and upon release of the force, there may be a mechanical 
failure. 


Binders are added to materials having poor adhesive property to 
strengthen intergranular binding and, thus, reduce the t,endency to cap. 
For elastic materials the elastic energy released, when the punch pressure 
is relieved, overcomes the bonds present between particles in that region 
and capping occurs. Binders are plastic materials, and under compression 
these materials undergo plastic deformation. The total energy of com- 
pression is dissipated throughout the entire material heing compressed. 
A greater part of the total energy of compression is absorbed hy the hinder 
a t  greater concentrations, and less energy is stored elastically hy the 
elastic deformation of the other materials of the formulation. Upon re- 
moval of the compressional force, there is less elastic recovery and a re- 
duced tendency toward capping. 


A weak axial tensile strength has been associated with capping (1,10, 
28). A comparison of Figs. 3 and 4 shows that the maximum axial tensile 
strength for a tablet of dibasic calcium phosphate dihydrate6 containing 
4.5% starch is reached a t  the same compressional force as for a tablet 
containing 1.2% starch, but there is no decrease in axial strength after 
reaching the maximum value for the tablet containing 4.59n starch. The 
slopes of the radial tensile strength-force curves are nearly identical. The 
difference in axial and radial tensile strengths indicates that  the tablet 
is not as strongly bonded in the axial direction as in the radial direction. 
As the axial and radial tensile strengths are measures of bonding, it ap- 
pears that the ratio nz/uy could he used as an index of capping. The ratio 
would be unity for a homogeneous tablet and would decrease toward zero 
as the homogeneity became progressively less. 


The data presented in Fig. 6 for the tablets of dibasic calcium phos- 
phate dihydrate7 with 1.0 and 7.0% povidone support the statement that 
an increase in concentration of hinder reduces capping. A t  the highest 


granulated with 1.0% povidone 


granulated with 7.0'% povidone 


granulated with 1.2% starch 


0 Regression of four points only. 


2o 1 


7 %  Povidone 


.t 
9 %  Povidone 


1 4 
10 12 2 4 6 8 
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Figure 18-The influence of t i m e  o n  the tensi le  strength of tablets of 
hydrous lactose granulated with 7 a n d  pouidone. Key: (A) axial; (OJ 
rudial. 


compressional force (6804 kg) the ratio u2/u, is 0.34 and 0.89 for 1.0 and 
7.0% povidone, respectively. Capping does not occur as the dibasic cal- 
cium phosphate dihydrate is a brittle material, and fragmentation occurs 
and is the mode of consolidation. 


With nonbrittle materials, considerable consolidation may be due to 
elastic bonding. As elastic rehound will occur when the compressional 
force is removed, the tablet will have a capping tendency. For such ma- 
terials, a low value for uz/ux indicates that capping is likely. To properly 
evaluate the probability of capping, the mechanism of bonding or con- 
solidation and the ratio of the axial and radial tensile strengths must be 
considered. Hydrous lactose with povidone attains a maximum axial 
tensile strength at  a low concentrat,ion of binder with a tendency for 
capping a t  high compressional forces. At the highest compressional force 
(4536 kg) for hydrous lactose tablets, containing 1.0 and 9.0% povidone, 
the ratio uz/ux is 0.14 and 0.36, respectively. 


Aging-Changes in strength of tablets have been reported to be a 
function of strain recovery (29), time (SO), and loss of moisture (31,32). 
Five formulations of tablets weighing 800 mg were prepared by com- 
pression a t  1134 kg of force for hydrous lactose containing from 1.0 to 9.0% 
povidone. The tablets were stored in tightly closed glass containers a t  
43% relative humidity and ambient. temperature. The axial and radial 
tensile strengths measured initially and a t  1, 3, 6, and 12 months are 
shown in Fig. 17 for hydrous lact.ose with 3.0 and 5.0'% povidone. Similar 
plots are shown in Fig. 18 for hydrous lactose tablets with 7.0 and 9.0% 
povidone. The implication is that  the tensile strength did not change to 
a significant extent after 1 year in storage. A report (33) that the hardness 
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of hydrochlorothiazide tablets composed of lactose and povidone did not 
change after 1 year a t  room temperature supports this implication. 
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Abstract 0 Octanol-water partition values were calculated using frag- 
mentation values and measured rapidly by high-pressure liquid chro- 
matography (HPLC) on bonded octadecylsilane supports. Log P for in- 
dolizine, a, and fragment ( f )  values for the indolizinyl substituents were 
determined using both methods. Good agreement was obtained for all 
three values. 


Keyphrases Partition coefficient-indolizine and 2-phenylindolizines, 
determination by high-pressure liquid chromatography and fragmen- 
tation values 0 Indolizine-substituted 2-phenylindolizines, partition 
coefficients determined by high-pressure liquid chromatography and 
fragmentation values 0 High-pressure liquid chromatography-deter- 
mination of partition coefficients of indolizine and 2-phenylindolizines 


Fragmentation values-determination of partition coefficients of in- 
dolizine and 2-phenylindolizine 


There is considerable interest in partition coefficient 
determination in the area of rational drug design (1). The 
partition coefficient, log P, represents the distribution of 
a substance between an organic and aqueous phase. Sev- 
eral methods may be used to determine partition coeffi- 
cients including the shake-flask method, liquid-liquid 
chromatography on liquid impregnated plate technique, 
and high-pressure liquid chromatography (HPLC). 


No studies have been done on the log P of indolizines. 


Indolizine (I) is a 107r aromatic heterocyclic compound 
with the nitrogen a t  the bridge head position. It is nearly 
electrically neutral and weakly basic with a pKa value of 
3.94 (2). 


I 
For the normal shake-flask method, octanol and water 


have been used previously as the biological lipid and 
aqueous phases, respectively, in partition determination 
(3). Due to the instability of the indolizine nucleus, mea- 
suring log P values of this compound by this technique has 
proven difficult. The shake-flask procedure (4) is a tedious, 
time-consuming process and subject to purity, stability, 
and mass-balance problems from the compounds being 
measured. 


BACKGROUND 


Liquid chromatography on paper or lipid-impregnated plates has been 
used as an alternative to octanol-water partition. Martin ( 5 )  derived Eq. 
1 for thin-layer or paper chromatography (TLC): 
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Abstract  The pharmacokinetics of sulfisoxazole and sulfanilamide 
were studied in control rats and in rats treated for 5 days with a daily 100 
mgkg ip dose of phenobarbital. These drugs represent the organic anionic 
and nonionized drugs, respectively, whose nonmicrosomal enzymatic 
metabolisms were unstimulated by phenobarbital. Sulfisoxazole showed 
the characteristics of a two-compartment open model. However, its bi- 
ological half-life and the apparent distribution volume of the central 
compartment were significantly lower and the intercompartmental 
transport rate constants and the urinary excretion rate constant were 
significantly greater, in phenobarbital treated rats than in control rats. 
The apparent steady-state distribution volume of sulfisoxazole was 
smaller in the phenobarbital treated rats at the 90% confidence level. 
Sulfanilamide showed characteristics of a one-compartment model in 
both the control and phenobarbital treated rats, but none of the phar- 
macokinetic parameters of the compound in the phenobarbital treated 
rats were significantly different from those in the control rats. 


Keyphrases Phenobarbital-effect on pharmacokinetics of sulfi- 
soxazole and sulfanilamide Pharmacokinetics-effect of phenobarbital 
on sulfisoxazole and sulfanilamide Sulfisoxazole-effect of pheno- 
barbital on pharmacokinetics Sulfanilamide-effect of phenobarbital 
on pharmacokinetics 0 Sulfonamides-effect of phenobarbital on the 
pharmacokinetics of sulfisoxazole and sulfanilamide 


In a previous paper (l), it was reported that phenobar- 
bital treatment in rats caused a decrease in the apparent 
distribution volumes of nonmetabolizable model organic 
anions which gave the body characteristics of multicom- 
partment open models. Regardless of the model followed 
by the body (one-compartment or multicompartment 
model), the half-lives of these compounds were shorter in 
phenobarbital treated rats than in control rats. 


BACKGROUND 


It  is recognized that all drugs do not possess the ideal properties de- 
scribed for the organic anions previously reported (1). Drugs usually are 
subject to metabolism and binding to plasma proteins and remain in the 
blood in the ionized and/or nonionized forms. Therefore, the influences 
of phenobarbital treatment on the distribution volumes of organic anionic 
drugs which are metabolized and bound to plasma proteins were inves- 
tigated. However, as an extension of previous work ( l ) ,  the effect of 
phenobarbital treatment on the apparent distribution volumes and bi- 
ological half-lives of drugs, which are metabolized and bound to plasma 
proteins but whose metabolism and extent of protein binding will not be 
affected by the microsomal enzymes induced by phenobarbital, were 
studied. The organic anionic drug chosen was sulfisoxazole (pKa 5.1) and 
the nonionized drug chosen was sulfanilamide (pKa 10.1). Sulfisoxazole 
and sulfanilamide are metabolized mainly by acetylation by the nonmi- 
crosomal enzymes (2), which apparently are not induced by phenobarbital 
treatment. Both the drugs and their metabolites are excreted by the 
kidney, thereby avoiding the possible influence of increased biliary flow 
brought about by phenobarbital treatment (3). The protein binding of 
sulfisoxazole is not affected by phenobarbital treatment (4). Further- 
more, while sulfisoxazole is involved in renal tubular secretion, sulfa- 
nilamide is excreted in the urine due to glomerular filtration (5). 


It was stated previously (1) that the apparent distribution volumes of 
organic anions, which give the body the characteristics of a multicom- 


partment open model, are likely to be lower in phenobarbital treated rats 
than in control rats, possibly due to reduction in the aqueous pore size 
of tissue cell membranes brought about by phenobarbital. It was also 
postulated that, if the biological half-lives of compounds are shortened 
in treated rats due to the stimulatory effect of phenobarbital on the renal 
tubular secretion mechanism (I) ,  then such effects would be expected 
only for compounds involved in renal tubular secretion and not those 
excreted in the urine due to glomerular filtration. Therefore, the apparent 
distribution volume(s) and biological half-life of sulfisoxazole should be 
reduced in the phenobarbital treated rats but not those of sulfanila- 
mide. 


EXPERIMENTAL 


Materials-Sulfanilamidel (mp 166O), sulfisoxazole2 (mp 198"), and 
phenobarbital sodium' were USP grade. The other chemical agents used 
were analytical reagent grade. 


Methodology-Male Sprague-Dawley rats weighing between 175 and 
210 g (most weighed -200 g) were used in the study. 


Overall urinary excretion studies of the sulfonamides were conducted 
to determine the effect of phenobarbital treatment on the extent of their 
metabolism and to select the phenobarbital pretreatment regimen. For 
the urinary excretion studies of sulfanilamide, 20,50, and lOO-mg/kg ip 
doses were tried; a given dose was administered to each rat daily for 5-10 
consecutive days. The intraperitoneal doses of phenobarbital were dis- 
solved in 5 ml of normal saline. Each control rat was treated with 5 ml 
normal saline for similar periods of time as the phenobarbital treated rats. 
Twenty-four hours after the last treatment dose of phenobarbital or 
normal saline, each rat received a 10-mg iv dose of sulfanilamide U ~ Q  the 
tail vein. The intravenous solution of sulfanilamide ( 2  ml) was prepared 
by dissolving 10 mg of the drug in water for injection, adjusting the pH 
of the solution to 7.4 with sodium hydroxide, and rendering the solution 
isotonic with sodium chloride. Food was withheld from the rats for 12-14 
hr prior to the intravenous administration of the drug and during the 
study. The rats were anesthetized with ether for -2 min when the drug 
was administered. After administering the drug, rats are transferred to 
urine collection cages described previously (6). Urine samples were 
carefully collected over the periods of 0-8 and 8-35 hr. These urine 
samples were analyzed for intact sulfanilamide and its metabolites. The 
phenobarbital treatment schedule selected was a daily 100-mgkg ip dose 
for 5 consecutive days. 


Overall urinary excretion studies were also conducted for sulfisoxazole 
in control rats and rats treated with a daily dose of 100 mg/kg of pheno- 
barbital for 5 consecutive days. The 2 ml of pH 7.4, isotonic solution 
containing 7 mg of sulfisoxazole was injected intravenously uia the tail 
vein to each rat 24 hr after the last dose of phenobarbital or normal saline. 
Urine samples were collected over a period of 0-10 and 10-52 hr and 
analyzed for intact sulfisoxazole and its metabolites. 


In the sulfanilamide pharmacokinetic study, three sets of studies were 
carried out on three different days. The first two sets of studies involved 
six control rats and six phenobarbital treated rats, and the third set in- 
volved only 6 phenobarbital treated rats. The third study was carried out 
to reinforce the finding of the first two sets ofstudies. In each set, only 
one blood sample was obtained from a given rat following decapitation 
a t  the predetermined time after intravenous administration of sulfanil- 
amide. Blood samples were collected at 0.25,0.5,1,2,3, and 4 hr from both 
control and phenobarbital treated rats. The procedure of obtaining one 
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Table I-Amounts of Intact Sulfanilamide and Its Metabolite(s) 
Recovered in the Urine in 35 hr Following Intravenous 
Administration of a 10-mg Dose of Sulfanilamide to Control Rats 
and Phenobarbital Treated Rats 


Table 11-Amounts and Fractions of Intact Sulfisoxazole (ff ) 
and Its Metabolite (f,) Recovered in the Urine in 52 hr 
Following the Intravenous Administration of a 7-mg Dose of 
Sulfisoxazole to Control Rats and Phenobarbital Treated Rats 


Phenobar- Phenobar- 
bital bital 
Dose, Treatment, Intact, Metabolite(s1, 


mg/kg/day days mg mg" 


1 
2 
3 
4 
5 
6 
7 
8 
9 


Mean f SD 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
Meanb f 


SD 


- 
- 
- 
- 
- 
- 
- 
- 
- 


20.0 
20.0 
20.0 
20.0 
20.0 


Control 
- 3.62 
- 3.61 
- 3.15 
- 3.10 
- 2.92 
- 3.15 
- 2.96 
- 3.08 
- 2.80 


3.16 f 0.28 
Phenobarbital Treated 


5 3.40 
5 3.22 


10 3.21 
10 3.29 
10 3.18 


50.0 5 2.91 
50.0 5 2.71 


100.0 5 2.69 
100.0 5 2.74 
100.0 5 2.85 
100.0 5 3.00 
100.0 5 2.85 
100.0 5 2.84 


2.82 f O.llc 


6.38 
6.06 
6.01 
6.61 
6.33 
6.38 
6.84 
6.93 
7.00 


6.50 f 0.36 


6.38 
6.78 
6.69 
6.45 
6.17 
6.33 
6.29 
6.01 
5.96 
6.27 
5.57 
7.05 
6.97 


6.30 f O.5gc 


a Expressed as the equivalent amount of sulfanilamide. * Mean based on data 
obtained in rats pretreated with 100 mg/kg/day of phenobarbital for 5 consecutive 
days. 
blood sample per rat was described previously for other compounds 
(1). 


In the sulfisoxazole pharmacokinetic study, two sets of studies were 
carried out on two different days, each set involving 12 control and 12 
phenobarbital treated rats. In each set, only one blood sample was ob- 
tained from a given rat after decapitation at  the predetermined time after 
the intravenous administration of sulfisoxazole. Blood samples were 
collected a t  0.083,0.166,0.25,0.5,0.75,1,2,3,4,5,6, and 8 hr from both 
control and phenobarbital treated rats. 


The reason multiple concentration values of a sulfonamide were ob- 
tained at  a given time period was to further ascertain the assumption of 
the regression model: each concentration variate corresponding to the 
given value of time is a sample from a population of independently and 
normally distributed variates and that the samples along the regression 
line have a common variance (7). 


After decapitation the blood sample from a rat was collected in a 30-ml 
beaker coated with 0.2 ml (40 U) of heparin to prevent coagulation. 
Blood samples were analyzed for the intact and total (intact plus me- 
tabolites) sulfonamide on the same day they were collected. 


Assay of Sulfanilamide and Sulfisoxazole-A general method used 
for the analysis of a sulfonamide, first developed by Bratton and Marshall 
(8), was to quantitate intact sulfanilamide or sulfisoxazole and the total 
(intact plus metabolites) sulfanilamide or sulfisoxazole present in the 
urine or blood samples with minor modifications. The absorbance of the 
complex formed between free sulfonamide and Bratton-Marshall reagent 
was measured on a spectroph~tometer~ at 540 nm for sulfanilamide and 
545 nm for sulfisoxazole. 


An accurately measured blood sample (1.0-1.5 ml) was transferred to 
a 150-ml beaker, diluted with 30 ml of water, stirred for 1 min, and the 
proteins and blood cells precipitated by dropwise addition of 8 ml of 15% 
trichloroacetic acid. The precipitate was allowed to settle for 2 min and 
5 ml of the supernate was transferred to a 10-ml test tube. Sodium nitrite 
solution (1 ml, 0.1% w/v) was added, and the contents were mixed for 2 
sec. Then 1 ml of 0.5% (w/v) sulfamic acid solution was added to the 
mixture and stirred for 10 sec. Following this, 1 ml of a 0.1% (w/v) Mar- 
shall reagent solution was added to the mixture, and it was stirred again 
for 10 sec. After allowing this mixture (total volume 8.5 ml) to stand for 
5 min, the colored solution was filtered and the absorbance of the complex 


Not significantly different from the corresponding values of the control. 


.i Beckman Model 24 Spectrophotometer. 


Metabolite, 
Intact, mg mg" fI fm 


1 
2 
3 
4 
5 
Mean f 
SD 


1 
2 
3 
4 
5 
Mean f 
SD 


Control 
6.59 0.33 0.95 0.05 
6.42 0.56 0.92 0.08 
6.34 0.67 0.90 0.10 
6.12 0.88 0.87 0.13 
6.15 0.78 0.89 0.11 


6.32 f 0.19 0.64 f 0.21 0.91 f 0.03 0.09 f 0.03 


Phenobarbital Treated 
5.59 0.98 0.85 0.15 
6.07 0.87 0.87 0.13 
6.17 0.83 0.88 0.12 
6.17 0.43 0.93 0.07 
6.23 0.73 0.89 0.11 


6.05 f 0.26 0.77 f 0.21 0.88 f 0.03b 0.12 f 0.03b 


Expressed as the equivalent amount of sulfisoxazole. * Not significantly different 
from the corresponding values of the control. 


of the sulfonamide formed was measured a t  the appropriate wave- 
length. 


The amounts of intact sulfanilamide or sulfisoxazole excreted in the 
urine samples were determined by the procedure described for blood 
samples, except that protein precipitation was unnecessary for the urine 
samples. 


The total (intact plus metabolites) amount of sulfanilamide or sulfi- 
soxazole excreted in the urine samples was determined after hydrolyzing 
the conjugated metabolites of the suifonamide by heating the samples 
in the boiling water bath for 2 hr with 4 N HC1. The total sulfonamide 
was then analyzed according to the procedure described above for the 
intact sulfonamide. 


The amount of free sulfonamide present in the unhydrolyzed urine or 
blood sample or the hydrolyzed urine sample was calculated with a cali- 
bration curve prepared for the respective sulfonamide. To prepare a 
calibration curve, known quantities of a sulfonamide were added to 1-ml 
volumes of blood obtained from rats not treated with a sulfonamide. The 
standard blood samples were treated in the same way as the actual blood 
samples, and their absorbance values were measured on a spectropho- 
tometer a t  appropriate wavelength. 


The absorbance for a given amount of sulfonamide contained in 1 ml 
of blood or 1 ml of water was identical after treatment by the Bratton- 
Marshall procedure, indicating that the residual amount of the blood 
constituents present in the supernate of the blood samples did not con- 
tribute to the absorbance. Therefore, the calibration curve of a sulfona- 
mide was prepared from its aqueous solution without involving blood. 


The main metabolite of sulfanilamide or sulfisoxazole was reported 
to be the acetylated form (9,lO). The amount of metabolite (in terms of 
the equivalent amount of intact sulfonamide) was calculated by sub- 
tracting the amount of free sulfonamide in the unhydrolyzed urine 
samples from the total amount of free sulfonamide in the hydrolyzed 
urine samples. 


pH Determination of Cumulative Urine Samples-Each of four 
rats was treated with 5 ml normal saline for 5 days, and each of eight rats 
was treated with a lOO-mg/kg ip dose of phenobarbital (in 5 ml normal 
saline) for 5 days. Each rat received 2 ml of pH 7.4 normal saline solution 
uia the tail vein 24 hr after the last treatment dose of phenobarbital or 
normal saline. Cumulative urine samples were then collected separately 
from each rat for 7 hr. The pH of each cumulative urine sample was 
measured with a laboratory pH-meter. The urine pH of control rats varied 
from 6.35 to 6.50 and that of phenobarbital treated rats varied from 6.28 
to 6.45. 


RESULTS 


Urinary Excretion Data for Sulfanilamide and Sulfisoxazole- 
The overall urinary excretion data obtained following the intravenous 
dose of sulfanilamide to the control and phenobarbital treated rats are 
shown in Table I. Virtually the entire dose of sulfanilamide was recovered 
in the urine in the intact and the metabolic forms in 35 hours for both the 
control and phenobarbital treated rats. All excretable intact compound 
was excreted in the urine in 8 hr and all excretable metabolite(s) were 
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Figure 1-Monoexponential semilogarithmic plots of blood concen- 
trations of sulfanilamide obtained in control (0) and phenobarbital 
treated (0) rats. The solid lines are least-squares regression lines for 
the data of respectiue groups of rats. 


excreted in the urine in 35 hr. Of the total amount of the metabolites 
excreted, 80 to 85% was excreted in 8 hr. 


To select the daily intraperitoneal dose of phenobarbital and the 
number of days to pretreat rats with this dose, the data in Table I were 
considered. The extent of metabolism of the compound in rats treated 
with a daily Phenobarbital dose of 20 mg/kg for 5 days, 20 mg/kg for 10 
days, 50 mg/kg for 5 days, or 100 mg/kg for 5 days was practically the 
same. Therefore, the regimen of phenobarbital treatment adopted in the 
pharmacokinetic study was a 100-mg/kg ip dose per day for 5 consecutive 
days. This was 5 times greater than the dose used in a previous study (1). 
The selection of the high phenobarbital dose was considered advisable 
since the compounds used in the present study are metabolized and 
bound to plasma proteins, unlike the nonmetabolized and nonprotein 
bound compounds used in a previous study (1). It was thought that, if 
the effects of phenobarbital treatment on sulfonamide distribution 
pharmacokinetics and biological half-lives were 'marginal a t  daily 20- 
mg/kg doses, more pronounced effects might be seen a t  daily lOO-mg/kg 
doses. However, no pharmacokinetic studies were carried out a t  a daily 
20-mg/kg dose of phenobarbital to determine if phenobarbital effects 
at  the lower dose were less pronounced than those seen a t  a daily 100- 
mg/kg dose. 


The overall urinary excretion data obtained following intravenous 
administration of 7 mg of sulfisoxazole to each control or phenobarbital 
treated rat are shown in Table 11. Practically the entire administered dose 
of sulfisoxazole was recovered in the urine in intact and metabolic forms 
for the control and phenobarbital treated rats. There was no significant 
difference in the amounts of intact drug or metabolites recovered in the 
urine of the control and phenobarbital treated rats. The fractions of 
sulfisoxazole recovered in the intact ( f i )  and metabolic ( f m )  forms, based 
on the total amount recovered in 52 hr, are also listed in Table 11. Of the 
total amount of sulfisoxazole recovered in the urine during the initial 
10-hr period, 8046% was in the intact form and 9-11% in the metabolic 
forms in the control and phenobarbital treated rats. 


From the data in Tables I and 11, a subject-to-subject variation among 
the control and phenobarbital treated rats in the extent of metabolism 
of the sulfonamides was minimum. 


Pharmacokinetics of Sulfanilamide-The semilogarithmic plots 
of concentration uersus time obtained for sulfanilamide in both the 
control and phenobarbital treated rats were monoexponential (Fig. 1). 
Therefore, the data were analyzed according to a one-compartment open 
model. 


C = Coe-Ke" (Eq. 1) 


where C is the concentration of intact sulfanilamide at time t ,  CO is the 
concentration of intact sulfanilamide at time zero, and K,I is the apparent 
first-order rate constant of elimination of the drug. The drug concen- 
trations plotted in Fig. 1 are normalized on the basis of a 10-mg iv dose 
of the drug per 200 g rat weight. The values of Co for the drug were de- 
termined from the intercepts obtained by extrapolating the respective 
least-squares line to time zero (Fig. 1). Values of K,1 were calculated from 
the respective slope (-K,1/2.303) of the least-squares line. The apparent 
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Figure 2-Biexponential semilogarithmic plots of blood concentrations 
of sulfisoxazole obtained in control (0) and phenobarbital (0) treated 
rats. The solid and dotted lines are NONLIN least-squares regression 
lines for the data of respective group of rats. Insert is Scheme I .  


distribution volumes ( v d )  and biological half-lives ( t  112) of the drug were 
calculated in the usual manner (1). The pharmacokinetic parameters 
determined from these studies are listed in Table 111. The standard de- 
viations of all pharmacokinetic parameters were estimated by procedures 
described previously (1). The values of the parameters determined for 
the phenobarbital treated rats were not significantly different from those 
determined for the control rats. In fact, the values of all pharmacokinetic 
parameters observed are almost identical in the Phenobarbital treated 
rats and the control rats, indicating that phenobarbital treatment had 
no effect on the distribution and elimination kinetics of sulfanilamide. 


Pharmacokinetics of Sulfisoxazole-The semilogarithmic plots of 
concentration uersus time for sulfisoxazole in both the control and phe- 
nobarbital treated rats indicated biexponential decline of the drug con- 
centration in blood (Fig. 2). Therefore, the data were analyzed according 
to a two-compartment open model (Scheme I, Fig. 3) with elimination 
of the drug occurring from the central compartment: 


(Eq. 2) 


where C is the concentration of intact sulfisoxazole in the blood a t  time 
t and other terms in the equation (and in Scheme I) are described in 
previous papers (1, 11). The drug concentrations plotted in Fig. 2 are 
normalized on the basis of a 7-mg iv dose of the drug per 200 g rat weight. 
Preliminary estimates of the intercepts ( A  and B )  and slopes (-a/2.303 
and -@/2.303) for the two linear exponential segments (resolved by the 
method of residuals) were obtained by a least-squares method described 
previously (1). Using the preliminary estimates of A ,  B ,  a, and 6, the 
initial estimates of V1, k12, kzl ,  and K,1 were obtained in the manner 
described previously (1). Refined estimates of V1, k12, kzl ,  and Kel with 
their standard deviations, and those of a and @ without their standard 
deviations, were obtained by analyzing the data using the NONLIN 
least-squares program (12). Using the computer estimated values of these 
parameters, estimates of V2, V,,, elimination phase ( t 1 / 2 ) ,  and body 
clearance (K,IV1) were calculated as shown previously (I). The estimated 
and derived parameters are listed in Table IV. Standard deviation values 
of V1, klz,  kzl ,  and K,] are computer estimated values and those of other 
parameters were estimated by the procedures described previously (I). 
The values of all pharmacokinetic parameters, except Vz, V,,, and KelV1, 
determined for sulfisoxazole in phenobarbital treated rats were signifi- 
cantly different from those determined in control rats. 


C = Ae-at + &-Bt 
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Table 111-One-Compartment Model Pharmacokinetic 
Parameters  of Sulfanilamide Determined in  Control and  
Phenobarbital  Treated Rats  


Table IV-Two-Compartment Model Pharmacokinetic 
Parameters  of Sulfisoxazole Determined in Control and 
Phenobarbital  Treated Rats  


Statistical 
Phenobarbital Significance of 


Parameter Control Treated Difference (D) 


Statistical 
Phenobarbital Significance of 


Control Treated Difference (D) Parameter 


CO, mg/ml 0.054 f 0.002 0.053 f 0.003 NS" 
K,I ,  hr-I 0.598 f 0.020 0.615 f 0.030 N S  
t 112, hr 1.16 f 0.04 1.13 f 0.06 N S  
v d ,  ml/kg 926.0 f 34.3 931.0 f 53.4 N S  
r 0.996 0.980 


No significant difference. 


Rate  Constants of Urinary Excretion and Metabolism of Sulfi- 
soxazole-In Scheme 1 (Fig. 2), Ke1 is the sum of the apparent first-order 
rate constants of urinary excretion ( k e x )  and metabolism (k,) of sulfi- 
soxazole. The values of k,, and k, can be calculated using the following 
equations (13): 


kex = Kelfi (Eq. 3) 


k m  = Kelfm (Eq. 4) 


where S,, is the amount of sulfisoxazole excreted in the urine in infinite 
time and M,, is the equivalent amount of sulfisoxazole excreted in the 
urine as metabolite(s) in infinite time (Table 11). Using the corresponding 
values of f i  and f m  from Table I1 and those of K , )  in Table IV, the values 
of k,, and k ,  were calculated for control and phenobarbital treated rats 
(Table V). The standard deviation of k , ,  and k, were estimated ac- 
cording to the formulas (14): 


= [ l ( & x / k , x ) 2  + (gfI / f i ) ' l  (ke,)211'2 (Eq. 7) 


k m  = [ I ( ~ k m / k m ) '  + (c fm/fm)21 ( k m ) 2 ] ' / 2  (Eq. 8) 


As noted in Table V, according to the t test statistics, k , , ,  but not k , ,  
was significantly greater in the phenobarbital treated rats than in the 
control rats. 


DISCUSSION 


Phenobarbital treatment did not affect the extent of nonmicrosomal 
enzymatic metabolism (Table 11) or protein binding (4) of sulfisoxazole 
(which is excreted mainly by the kidney in rats). The significant decrease 
in the apparent distribution volume of the central compartment and the 
biological half-life of sulfisoxazole in the phenobarbital treated rats 
cannot be attributed to the increased hepatic blood flow, microsomal 
enzyme concentration, and biliary flow usually brought about by chronic 
phenobarbital treatment. The possibility of a decrease in the biological 
half-life of sulfisoxazole (pKa 5.1) due to a posssible increase in urine pH 
of rats was also evaluated. The normal pH of luminal fluids in the prox- 
imal tubules of rats was reported to be 6.82 (15). In this study, the pH of 
the cumulative urine samples collected separately from four control rats 
for 7 hr varied from 6.35 to 6.5, with an average pH of 6.32. Similarly, the 
pH of the cum.Jative urine samples collected separately from eight 
phenobarbital treated rats for 7 hr varied from 6.28 to 6.45, with an av- 
erage pH of 6.36. Thus, the urine pH in phenobarbital treated rats was 
similar to that in the control rats. In the pH ranges measured, sulf'isox- 
azole remains 94-96s in the anionic form. Therefore, the slight variation 
in urine pH was not expeckd to influence the half-life of sulfisoxazole 
in these rats. 


Distribution Kinetics-The reduction in the distribution volume 
of the central compartment of sulfisoxazole in phenobarbital treated rats 
may be due to  a possible decrease in the rate of diffusion of the anionic 
form of sulfisoxazole through the aqueous pores of the cell membranes 
of central compartment tissues. This was previously proposed (1) for the 
anions of mandelic acid, which also displayed the characteristics of a 
two-compartment model. As observed with mandelic acid, there was a 
tendency for V2 and V,\,, of sulfisoxazole to be lower in the phenobarbital 
treated rats, but the values of these parameters were not significantly 
different a t  the 95% confidence level from those in t.he control rats. 
However, V,,, of sulfisoxazole in the phenobarbital treated rats was dif- 
ferent from that in the control rats at  a 90% confidence level. 


402.20 f 12.00 366.35 f 12.40 <0.05 
0.5672 f 0.0611 0.9716 f 0.0814 <0.001 
0.8308 f 0.0845 1.6549 f 0.1272 <0.001 
0.4237 f 0.0174 0.5183 f 0.0235 <0.005 
1.6021 f 0.2305 2.8432 f 0.3400 <0.01 
0.2198 f 0.0205 0.3017 f 0.0239 <0.05 
274.58 f 41.46 215.08 f 25.45 NS 
676.78 f 43.16 581.43 f 28.31 NS(p=O.l) 
170.41 f 8.69 189.88 f 10.74 N S  


3.15 f 0.29 2.30 f 0.18 <0.05 
0.993 0.992 


~ ~ ~~ 


As rationalized previously (1) for model organic anions, the trans- 
membrane transport of sulfisoxazole anions is assumed to occur through 
the aqueous pores of cell membranes of the central and tissue compart- 
ments. It is likely that the possible increase in protein and phospholipid 
concentration brought about by phenobarbital pretreatment (1). prob- 
ably causes a decrease in the pore size of (especially) the small size pores 
of cell membranes of the central and tissue compartments. This may 
cause a greater interaction of diffusing sulfisoxazole molecules with the 
proteins and phospholipids of the aqueous pore lining by intermolecular 
forces such as hydrogen bonding, hydrophobic bonding, and electrostatic 
interaction. 


Interestingly, k l z  and kzl for the intercompartmental transport of 
sulfisoxazole and mandelic acid in a previous study (1) were significantly 
greater in the phenobarbital treated rats than in the control rats, although 
the rate and extent of penetration of these anions into the deeper regions 
of the tissues was decreased i n  the phenobarbital treated rats. This may 
be rationalized by recognizing that k 14 and k2l  are the hybrid overall rate 
constants of anions which penetrate the tissues by diffusing through 
aqueous pores of small and large sizes, experiencing a greater transport 
barrier through the small size aqueous pores. If the very small size 
aqueous pores have narrowed sufficiently due to phenobarbital treatment 
and blocked penetration of anions through them in the deeper regions 
of tissues and decreased the apparent distribution volumes of accessible 
tissues, the remaining pores are the relatively large size aqueous pores 
whose resistance to penetration of the anions is not substantially affected. 
This situation would give a relatively rapid attainment of equilibrium 
of the reversible intercompartmental transport of the anions, leading to 
apparent increases in k l : !  and k z 1  values in phenobarbital treated rats. 


Elimination Kinetics-The elimination rate constant (K, i )  of sulfi- 
soxazole, which is involved in renal tubular secretion (4), is increased by 
the phenobarbital treatment, as were the elimination rate constants of  
model organic anions (1) involved in renal tubular secretion in rats. Since 
the model organic anions were not metabolized and were eliminated from 
the body due to urinary excretion, K,1 of these compounds were essen- 
tially the urinary excretion rate constants (kex).  The increase in k,, of 
model organic anions was attributed to the possible stimulatory effect 
of phenobarbital on the renal tubular secretory process (1). The rate 
constant of elimination of sulfisoxazole ( K , I )  represents the sum of he, 
and k,, , and, as noted in Table V, the increase in K,, is due to the signif- 
icant increase in k , ,  of sulfisoxazole in the phenobarbital treated rats. 
The increase ink,, ofsulfisoxazole anions may also be due to a st.imula- 
tory effect of phenobarbital on its renal tubular secretion process. This 
effect was shown for p-amino hippurate in phenobarbital treated rats 
(16). 


Sulfanilamide-It was proposed (1) that a decrease in the apparent 
distribution volumes may be observed in phenobarbital treated rats for 
compounds which exist in the blood in the ionized form, exhibit multi- 
compartment characteristics, and distribute between the compartments 
mainly by diffusion through the aqueous pores of the tissue cell mem- 
branes. It was also postulated (1) that  such changes in the apparent dis- 
tribution volumes are unlikely to be observed for compounds that exist 
in the blood in the nonionized form and may even display multicom- 
partment characteristics, since they generally have greater membrane 
soluhility and diffuse through the entire membrane surface of which 
aqueous pores constitut,e only a fractional surface area. It was further 
proposed that the increase in the elimination rate constants may be ob- 
served in the phenobarbital treated rats even for organic anions whose 
metabolic process is not stimulat.ed by phenobarbital, but are secreted 
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Table V-Apparent First-Order Rate Constants of Urinary 
Excretion (Ice=) and Metabolism (k,) of Sulfisoxazole 
Calculated for Control and Phenobarbital Treated Rats 


Statistical 
Phenobarbital Significance of 


Control Treated Difference (D) 


k,,, hr-’ 0.3838 f 0.0204 0.4582 f 0.0260 <0.05 
k,, hr-’ 0.0398 f 0.0130 0.0601 f 0.0156 N S  


by the renal tubules, due to the possible stimulatory effect of pheno- 
barbital on the renal tubular secretory mechanism of organic anions such 
as p-amino hippurate (16). As a corollary to this, it was postulated that 
the elimination rate constants of compounds whose metabolic process 
if not stimulated by phenobarbital will not be influenced in phenobarbital 
treated rats if the compounds are excreted in the urine by glomerular 
filtration. 


The results (Table 111) obtained for sulfanilamide are supportive of 
these hypotheses. The apparent distribution volume of sulfanilamide, 
which not only exists in the blood in the nonionized form but also shows 
characteristic one-compartment behavior, was not affected by the phe- 
nobarbital treatment. Also, K,I or t 1 / 2  of sulfanilamide, which is not in- 
volved in renal tubular secretion but is excreted by glomerular filtration 
in the urine, is not affected by the phenobarbital treatment. 


CONCLUSIONS 


The previous (1) and present studies demonstrate that, besides its 
known drug metabolizing enzyme induction effect, phenobarbital 
treatment may produce two additional effects on the pharmacokinetics 
of organic anions displaying multicompartment model characteristics. 
One effect is the changes in distribution space and rates reflected in such 
pharmacokinetic parameters as k12, k z l ,  V1, and V,ss of two-compartment 
model compounds. The other effect is on the renal tubular secretion 
process, reflected in such pharmacokinetic parameters ask,, and K,I of 
the compounds. The fact that these pharmacokinetic parameters of drugs 
are independent of their elimination rate constants was pointed out 
previously (17). 


The biological half-lives of multicompartment model compounds are 
derived from the disposition rate constants of the compounds and are, 
therefore, a function of both distribution and/or elimination (11). 
Therefore, the change in the biological half-lives of compounds brought 
about by phenobarbital treatment reflect the changes in distribution 
and/or elimination of the compounds. 


Although the results of the previous (1) and present studies are con- 
sistent with the mechanism conceived previously (1) for the effects of 
phenobarbital, direct evidence of the increase in the protein and phos- 


pholipid concentration of certain target peripheral tissue cell membranes 
has not been obtained a t  this time. However, regardless of whether such 
direct evidence is obtained in the future, further evidence of the effects 
of phenobarbital treatment on the distribution and elimination phar- 
macokinetic parameters of other suitable organic anionic drugs should 
be gathered. 
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Abstract  The effect of carboxylic acids on the permeation of chlor- 
promazine was investigated through a dimethyl polysiloxane nonpolar 
membrane. The permeability of the diffusate, a t  pH 5.8, increases con- 
siderably in the presence of carboxylic acids or phosphate, probably due 
to an ion-pair formation between the relative anions and chlorproma- 
zine. 


Keyphrases Chlorpromazine-permeation through a dimethyl pol- 
ysiloxane membrane, effect of carboxylic acids Diffusion-chlorpro- 
mazine, through a dimethyl polysiloxane membrane, effect of carboxylic 
acids 0 Carboxylic acids-effect on chlorpromazine diffusion through 
a dimethyl polysiloxane membrane 


Previously reported studies (1-3) on the diffusion and 
permeation of drugs through polymeric membranes have 
contributed much to the knowledge of drug diffusion; a 
dimethyl polysiloxane polymer would be useful to inves- 
tigate drug permeation through a membrane. 


The permeation of molecules through a nonpolar 
membrane in the presence of other molecular species, has 
been studied previously (2 ,4 ,5) .  Many factors, including 
complex and ion-pair formation (6,7), can influence the 
physiological availability of drugs. Nakano (8) studied the 
influence of a variety of substances, such as adsorbents and 
excipients, on the permeation of chlorpromazine through 
a model membrane. All the examined compounds, dis- 
solved in citrate or dimethylglutarate buffers, decrease the 
permeation of the drug. 


The present study examined the variation of chlorpro- 
mazine permeation through a nonpolar membrane in the 
presence of many acids to understand the effect of differ- 
ent organic anions on drug permeability. The selected 
carboxylic acids, the majority of them being physiological, 
had different structures. 


EXPERIMENTAL 


Materials-Nonreinforced dimethyl polysiloxane' sheeting in a la- 
beled thickness of 5 ml(12.5 X cm), thoroughly rinsed and treated 
as described previously (2), was used. 


Chlorpromazine hydrochloride2 as well as, citric3, tartaric3, acetic", 
glutaric3, adipic3, isocitric4, oxaloacetic4, malic3, a-ketoglutaric3, succinic?, 
fumaric3, and aconitic4 acids were obtained commercially. 


Instruments-A pH meter5, a spectrophotometer6, and a plate 
tensiometer7 were used. 


Determination of Crit ical  Micelle Concentration (CMC)-The 
CMC of chlorpromazine in the presence of bicarboxylic acids was de- 
termined by measurement of surface tension with a plate tensiometer 
a t  37 f 0.5" in 50 X 10-3 M solution of acid. The ionic strength was 
maintained a t  0.146 M by adding sodium chloride. 


Diffusion Studies-The diffusion cell was constructed according to 
one used previously (9). The glass cell consisted of donor and receptor 


compartments (the volume of each compartment was 32 ml) and a 
membrane (available area was 3.14 cm') placed between them. 
Twenty-two milliliters of 0.01 N HCI was added to one arm and an equal 
volume of the test solution was placed in the other arm. The concentration 
of diffusible chlorpromazine in the desorbing solution was kept to a zero 
value to maintain diffused chlorpromazine in a dissociated form. The 
diffusing solutions were always corrected with sodium hydroxide or with 
hydrochloric acid, according to the desired pH, since preliminary ex- 
periments showed that phosphate and carboxylate anions can change 
drug permeation considerably. All solutions were warmed in a jacketed 
container maintained at  37 f 0.1'. The content of each compartment was 
rotated by a magnet attached to an electric motor; the rotating speed was 
-300 rpm. 


Analytical Methods-At scheduled times an aliquot (0.5 ml) of the 
receptor solution was pipetted out for UV determination, and the same 
volume of 0.01 N HCI was added to the receptor compartment to replace 
the reduced volume. The 0.5-ml aliquot of the desorbing solution was 
transferred into a volumetric flask, and 4.5 ml of water was added. The 
drug concentrations were determined spectrophotometrically at  254 nm 
(log t 4.49) for more diluted solutions and a t  305 nm (log t 3.63) for more 
concentrated solutions, or when additives interfered with the measure- 
ment a t  254 nm. 


Determination of the Apparent Diffusion Constant-Equation 
1, derived by Garrett and Chemburkar (1) for a steady-state diffusion, 
was used to obtain the apparent diffusion constant D: 


(Eq. 1) 


where C1 is the concentration of diffusate in the desorbing solution, X 
is the thickness of the membrane, S is the available area of membrane, 
V is the volume of the desorbing solution, and Cz is the concentration of 
the diffusate. 


Diffusion Studies with Increasing Phosphate Concentration- 
Solutions a t  pH 5.8 with 2 X M chlorpromazine and increasing 
phosphate concentrations (1-70 X M )  were prepared. The steady- 
state diffusion of chlorpromazine through the membrane was studied 
a t  37" (Fig. 1). 


Diffusion Studies of Chlorpromazine at Various pH-The solu- 
tions of chlorpromazine were kept a t  a concentration of 2 X 10-3 M when 
the pH range was within 3.5-6.0 and a t  a concentration of 5 X M 
when the pH was >6.0. The required pH was obtained with hydrochloric 
acid or sodium hydroxide. The steady-state diffusion of chlorpromazine 
from these solutions through a 5-ml thick dimethyl polysiloxane mem- 
brane into 22 ml of 0.01 N HC1 was studied a t  37". The pH values of 
diffusing solutions were noted before and after the experiments and were 
unchanged. The samples were removed a t  intervals of 20 min over a 2-hr 
period (Fig. 2, curve a). 


In another series of tests, the effect of phosphate on the steady-state 
diffusion of chlorpromazine was studied a t  different pH. Diffusing 2 X 


1 Mastic, Dow Corning. 


3 Merck. 
4 Fluka. 
5 Orion model 701/A. 
6 Perkin-Elmer EPS-3T. 


Dognon Abribat. 


Rhone-Poulenc. 
10 20 30 40 50 60 70 


MOLES PER LITER x lo3  


Figure 1-Specific concentration rate increase of chlorprornazine (in 
the presence of phosphate) through a membrane into 0.01 M HC1 so- 
lution versus phosphate concentration. 
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Table I-Apparent Diffusion Constants of Chlorpromazine 
through a Dimethyl Polysiloxane Membrane in the Presence of 
Various Acids a t  a Concentration 25 Times Higher than That  of 
the Drug a t  37" 


'0 3 j l  I x 
I 


3.0 4.0 5.0 6.0 7 .0  
PH 


Figure 2-Specific concentration rate of chlorpromazine through a 
membrane into 0.01 M HC1 desorbing solution at 37' versus the pH of 
the diffusing drug solution. Key: a, without phosphate; and b, with a 
phosphate concentration 25 times the molarity of chlorpromazine. 


M chlorpromazine solutions in the pH range 3.5-6.0 and 5 X lod4 
M at  pH >6.0, each containing phosphate concentration 25 times the 
molarity of the drug, were prepared (Fig. 2, curve b) and examined. 


Diffusion Studies of Chlorpromazine in the Presence of Car- 
boxylates-Experiments relative to the permeation of chlorpromazine 
in the presence of carboxylates were carried out a t  pH 5.8 and 37'. The 
diffusing solutions contained 1-3 X M of chlorpromazine and a 
carboxylate concentration 25 times the molarity of the drug. 


RESULTS AND DISCUSSION 
Effect of Phosphate on the Diffusion Rate of Chlorpromazine- 


The rate of steady-state diffusion through dimethyl polysiloxane mem- 
branes of an almost constant concentration (CZ)  of chlorpromazine in- 
creases with the increasing phosphate concentration (Fig. I). The specific 
diffusion rate of chlorpromazine is invariant at an acid concentration 21 
times higher than the molarity of the drug. The permeation increase could 
be ascribed to ion-pair formation between chlorpromazine and the 
phosphate anions. An ion-pair interaction between dialkylaminoalkyl- 
phenothiazines and pteridines was also verified (10). The same interaction 
was proved between phosphate and antidepressive tricyclic drugs (11). 


These results show that it is impossible to study the influence of a 
carboxylic anion on the permeability of chlorpromazine in the presence 
of other anions (such as phosphate). Therefore, all diffusion experiments 
were carried out without buffering the solutions, but using only hydro- 
chloric acid or sodium hydroxide to adjust the pH. 


Effect of pH on the Diffusion Rates-The diffusion of chlorpro- 
mazine varies according to pH. As shown by Fig. 2, curve a, chlorpro- 
mazine diffusion is very low at  low pH values, because with a pKa of 9.3 
(12), it is almost completely ionized. As pH increases, the chlorpromazine 


C,, rnoledliter x lo3 


figure 3-Rates (C& of concentration increase in 22 ml of 0.01 N HC1 
desorbing solution versus chlorpromazine solution concentrations in 
the presence of carboxylic acid at a concentration 25 times the molarity 
ofthe drug. Key: 0, none; ., aconitic; *, adipic; A, malic; 0, isocitric; 
0, malonic; V, jumaric; b, tartaric; A, glutaric; V, citric; +, a-keto- 
glutaric; 0, acetic; 1, succinic; 0 ,  phosphoric; and &, oxaloacetic 
acids. 


Acid 
Apparent Diffusion 


Constant D X lolo, liter cm/sec 


None 
Aconitic 
Adipic 
Malic 
Isocitric 
Malonic 
Fumaric 
Tartaric 
Glutaric 
Citric 
a-Ketoglutaric 
Acetic 
Succinic 


0.15 
0.74 
0.80 
0.83 
0.84 
0.92 
0.93 
1.00 
1.10 
is3 
1.28 
1.34 
1.38 


1.31 
6.48 
7.01 
7.25 
7.35 
8.05 
8.14 
8.75 
9.62 
9.89 


11.21 
11.73 
12.08 


Phosphoric 1.91 16.72 
Oxaloacetic 2.91 25.42 


Specific rate of concentration increase of desorbing solution. 
diffusion rate also increases, owing to the formation of undissociated 
hydrochloride. Figure 2, curve b, shows that the specific diffusion rates 
of chlorpromazine, in the presence of a constant excess of phosphate in 
the pH 5.5-7.0 range, are higher than those obtained using only the drug 
as a consequence of the formation of an ion-pair. 


Effect of Carboxylates on Rate Diffusion of Chlorpromazine- 
Since the rate of steady-state diffusion of an almost constant concen- 
tration (CZ) of chlorpromazine increased in the presence of oxaloacetic 
acid, the permeation rate of chlorpromazine was determined in the 
presence of other carboxylic acids. The linear dependence of the diffusion 
rates for the same membrane area, thickness, and volume of the diffusing 
solution, showed that rate diffusion through the membrane was directly 
proportional to the concentration of the diffusing drug. The lag times are 
negligible. 


Rates of chlorpromazine concentration increase in 22 ml of 0.01 N HCI 
desorbing solution, C,/t, are shown in Fig. 3 as a function of the respective 
concentration Cp of the drug in the diffusing solution. 


Apparent diffusion constants ( D )  were computed from the specific 
rates and are summarized in Table I. From D values it can be observed 
that the effect of permeation varies among the carboxylic acids. The 
apparent diffusion constant (D) depended on the acid concentrations 
up to a maximum of 21 times that of the drug and afterward remained 
invariant for all examined solutions where the acid concentration was 
25 times higher than that of the drug. 


The difference in the drug permeability in the presence of acids could 
also be explained by an ion-pair formation, probably dependent on D for 
its stability. To understand the behavior of the acids, the apparent dif- 
fusion constants of chlorpromazine in the presence of bicarboxylic acids 
were plotted against the chlorpromazine critical micelle concentration 
(CMC), determined in the presence of a fixed concentration of the same 


X 


a} 4 


L. 
-2.5 -2.4 -2.3 -2.2 -2.1 -2.0 


log CMC 


Figure 4-Apparent difjusion constant D of chlorpromazine into 0.01 
N HC1 desorbing solution in the presence of bicarboxylic acids versus 
log CMC ojchlorpromazine determined in 50 X loe3 M solution of the 
same acid ( j i  = 0.146 M). Key: 1, sodium chloride; ., adipic; 0, malic; 
0 ,  malonic; A, fumaric; V, tartaric; *, glutaric; h, oxoghtaric; and A, 
succinic acids. 
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acid. The CMC describes the lipophilicity of amphiphilic substances (13); 
the CMC value of chlorpromazine in the presence of acid could be an 
indirect measure of the lipophilicity of the ion-pair. Figure 4 shows an 
almost linear correlation between D and the CMC for the different bi- 
carboxylic acids. 


Chlorpromazine was selected for this study since it is representative 
of many tricyclic drugs and its behavior toward carboxylic acids may be 
important in GI absorption. Ion-pair formation between chlorpromazine 
and dietary carboxylic acids (such as citric, tartaric, and acetic acid) would 
give a favorable absorption in GI lumen. Furthermore, these findings 
could be useful for the development of dosage forms. It was shown (14) 
that certain drugs can be absorbed in their undissociated state, either 
directly or by ion-pair or complex formation. The behavior of chlorpro- 
mazine in humans might also be ascribed to the interactions of the drug 
with some of the physiological acids studied. 


REFERENCES 


(1) E. R. Garrett and P. B. Chemburkar, J.  Pharm. Sci., 57, 949 


(1968). 
(2) M. Nakano aqd N. K. Patel, ibid., 59,77 (1970). 
(3) G. L. Flynn and J. Roseman, ibid., 60,1788 (1971). 
(4) R. H. Reuning and G. J. Levy, ibid., 58,79 (1969). 
( 5 )  T. R. Bates, J. Galownia,and W. H. Johns, Chem. Pharm. Bull., 


(6) G. Levy and E. J. Mroszczak, J.  Pharm. Sci., 57,235 (1968). 
(7) T. Higuchi, A. Michaelis, and A. Hurwitz, Anal. Chem., 39,974 


(8) M. Nakano,J. Pharm. Sci., 60,571 (1971). 
(9) K. Juni, M. Nakano, andT. Arita, Chem. Pharm. Bull., 25,2807 


(10) M. R. Gasco, M. E. Carlotti, and M. Trotta, Pharm. Acta Helu., 


(11) A. Tilly, Acta Pharm. Suec., 12,89 (1975). 
(12) A. L. Green, J.  Pharm. Pharmacol., 19,89 (1966). 
(13) E. Tomlinson, S. S. Davis, and G. I. Mukhayer, in “Solution 


Chemistry of Surfactants,” vol. 2, Mittal, Ed. 1980, pp. 889. 
(14) M. J. Cho, and R. Schnabel, J.  Pharm. Sci., 64,1894 (1975). 


18,656 (1970). 


(1967). 


(1977). 


56,55 (1981). 


Effect of Albumin Conformation on the Binding of 
Phenylbutazone and Oxyphenbutazone to Human 
Serum Albumin 


A. ABD ELBARY*, J. J. VALLNER x, and C. W. WHITWORTH 
Received March 9,1981, from the School of Pharmacy, Uniuersity of Georgia, Athens, G A  30602. 
1981. *Present address: Faculty of Pharmacy, Cairo University, Cairo, Egypt. 


Accepted for publication June 29, 


Abstract 0 The binding of phenylbutazone (I) and oxyphenbutazone 
(11) to human serum albumin over pH 6.9-9.3 was studied by difference 
spectrophotometry and equilibrium dialysis. A t  each pH tested, there 
was higher binding affinity of I to human serum albumin than 11. Equi- 
librium dialysis showed that over the pH 7-8.2 range both agents had a 
single high-affinity site and several sites of lower affinity, with the highest 
binding constant and number of binding sites at  pH 7.4 for both I and 
11. Both techniques showed that the affinity of both drugs to albumin was 
higher for the neutral form than for the basic form and this transition 
occurred in both cases around the neutral region (7-7.4). Both the ionized 
and unionized forms of I and I1 participated in the binding. In the neutral 
region, magnesium ion increased the affinity of both drugs to  albumin 
while chloride ion decreased i t  slightly. 


Keyphrases 0 Phenylbutazone-effect of albumin conformation on 
binding to human serum albumin 0 Oxyphenbutazone-effect of albu- 
min conformation on binding to human serum albumin 0 Albumin, 
human serum-effect of conformation on binding of phenylbutazone and 
oxyphenbutazone Binding-f phenylbutazone and oxyphenbutazone, 
effect of albumin conformation, human serum albumin 


Drug-protein binding studies are important for pre- 
diction of drug dynamics in the body (1). The affinity of 
such interaction can possibly be used to correlate thera- 
peutic and toxicological effects, as well as drug distribution 
and excretion. Most in vitro drug-protein interaction 
studies are conducted in isotonic pH 7.4 buffer. Data re- 
duction in terms of binding constants assumes that for a 
partially ionized drug each species is bound with equiva- 
lent affinity (2). 


It was reported (3) that conformational changes occur 
in serum albumin over pH 6-9. Zurawski and Foster (4) 
established that two conformational states exist in bovine 
serum albumin over this pH region. They called the form 
at neutral pH (pH 6-7) the “N” form and the form at 


higher pH (around pH 9) the “B” (base) form. Thus, the 
conformational change that occurs is the N to B or B to N 
transition. It was recently shown (5-7) that the same 
conformational change occurs in human serum albumin 
over pH 6-9. The N to B transition is seemingly dependent 
on pH but may also occur to some extent with ionic 
strength of the buffer and buffer ion composition. Calcium 
ion and chloride ion affect this transition (5-10) as well as 
the binding of drug to the protein. 


BACKGROUND 


While the macromolecule conformation changes with varying pH, 
ionization of the drug may also occur over such a pH range. A method was 
presented recently (2) to distinguish which species of a partially ionized 
acidic or basic drug bind to the protein and to enable determination of 
the binding site constant (3) for the interaction. In addition, this method 
aids in the detection of significant changes in the protein binding site that 
may result from pH perturbation. Since the blood pH in patients may 
vary between 6.8 and 7.8 (111, significant changes in drug binding to al- 
bumin or other plasma proteins could take place with a change in blood 
or local change in organ (e.g., liver) pH. This pH range could not be 
predicted in any one individual; a t  best these pH differences usually 
would be only a few tenths of a pH unit (i .e. ,  respiratory acidosis or alk- 
alosis). 


The present study used equilibrium dialysis and UV difference spec- 
troscopy to investigate the effect of albumin conformational state on the 
binding of phenylbutazone and oxyphenbutazone to human serum al- 
bumin at  various pH values. 


EXPERIMENTAL 


Materials-The human serum albumin used was previously investi- 
gated for purity1 (12). Phenylbutazone (I) and its metabolite oxyphen- 


~ ~~~~~~ 


Armour Pharmaceutical Co., Kankakee, Ill. 
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Abstract  Two new devices were developed to monitor the reactivity 
of pharmaceutical effervescent systems. The first method monitored 
carbon dioxide pressure generation during the effervescent reaction in 
a plastic pressure vessel fitted with a pressure gauge. The second method 
monitored weight loss, attributed to carbon dioxide loss to the atmo- 
sphere, by means of a double cantilever beam and an electromagnetic 
proximity transducer. In the pressure device, the quantification of an 
effervescent reaction was accomplished by measuring the dissolution time 
of the effervescent system and the pressure generated. Quantification 
of an effervescent reaction using the beam device utilized the total carbon 
dioxide weight loss, the rate of weight loss, and the effervescent reaction 
lag time. 


Keyphrases 0 Effervescent pharmaceuticals-quantitative evaluation, 
design of testing apparatus 0 Reactivity-quantitative evaluation of 
effervescent pharmaceuticals, design of testing apparatus Instru- 
mentation-design of testing apparatus to quantitate reactivity of ef- 
fervescent pharmaceuticals 


Acid-base reactions between alkali metal carbonates or 
bicarbonates and citric or tartaric acid have been used for 
many years to produce effervescent pharmaceutical 
preparations on the addition of water. The greatest 
problem with effervescent products is the loss of reactivity 
with time due to their premature reaction on exposure to 
moisture. Even exposure to atmospheric moisture when 
opening and closing a multiple-dose container can rapidly 
destroy reactivity. 


BACKGROUND 


Studies to design improved effervescent tablet systems have suffered 
from the absence of methodology to quantitate effervescent reactions. 
T o  study the rate of an effervescent reaction such as between sodium 
bicarbonate and citric acid in excess water, producing carbon dioxide, 
water, and sodium citrate, one can theoretically measure the increase in 
one reaction product or the decrease in one reactant. The obvious element 
to measure continuously would be the carbon dioxide generated. This 
procedure would permit measurement of the amount of carbon dioxide 
generated by a particular system as well as the rate of the reaction. 


Chemical analysis of carbon dioxide, following total evolution of the 
gas, can be accomplished by several means. However, none of the methods 


permits the direct kinetic determination of carbon dioxide evolution 
during various time points in the process of a rapidly reacting system. 
Carbon dioxide can be measured by a volumetric method using the 
Chittick apparatus (I), by a combination of gas measurement and gas 
absorption, or by a weight loss method (2). Carbon dioxide is also deter- 
mined by absorption on liquid or solid media, measuring the amount of 
gas evolved by weighing (3). The use of the absorption method has been 
modified many times by using different detection methods to determine 
the amount of gas absorbed (4-6). None of these methods is satisfactory 
for quantitating an effervescent reaction that is completed in <30-60 
sec. 


One possible method of continuously monitoring carbon dioxide evo- 
lution is to monitor the pressure generated in a closed system. However, 
this approach may not simulate the normal effervescent tablet reaction 
occurring in an open container of water a t  constant atmospheric pres- 
sure. 


A simple, continuous, immediate response weight loss procedure was 
thought to offer the most direct and applicable technique to determine 
the total amount of carbon dioxide evolved, the reaction rate, and other 
characteristics of the reaction process. Development of such a system 
requires the development of an adequately sensitive weighing system, 
providing immediate response and continuous recording. The response 
characteristics must be rapid to quantitate totally a reaction that is 
completed in 30 sec or less and sensitive enough to measure accurately 
weight losses <1 g from an initial mass of -100 g. 


Transducers capable of responding quickly to applied forces have been 
used in the pharmaceutical industry for more than 20 years. Strain-gauge 
transducers have been shown (7,8) to be widely and successfully used 
in instrumenting tableting machines in research, development, and 
production capacities. A device was developed (9) for the continuous 
recording of the flow of powders or granular material from various hop- 
pers with strain gauges. Later, an instrument was developed (10) to de- 
termine granule strength using strain gauges in a beam apparatus similar 
to the flow device. Taylor (11) developed a flowing measure instrument 
with strain gauges and a specially designed double-cantilever beam, and 
the same equipment was adapted to quantify suspension pourability (12). 
While the newer strain-gauge devices permit continuous recording of 
applied loads, such systems are not adequately sensitive to monitor 
carbon dioxide loss during an effervescent reaction. 


This report describes a new balance system utilizing an electromagnetic 
proximity transducer and a specifically designed double-cantilever beam 
that  is sensitive enough for the continuous gravimetric measurement of 
carbon dioxide loss during an effervescent reaction. Utilizing the prox- 
imitor balance system as well as pressure generation measurements, ef- 
fervescent systems and reactions were quantitated as to their reaction 
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Figure 1-Pressure monitoring device in the filling position (A) and 
in the testing position (B). 


rates, carbon dioxide losses, dissolution times, and lag times to initiation 
of reaction. A reactivity index was developed, and a correlation between 
the two new methods of examining effervescent reactions was found. 


EXPERIMENTAL 


Instrumentation-Reactivity testing based on monitoring pressure 
generation of effervescent tablet systems was done in a cylindrical plastic 
pressure vessel especially designed for effervescent tablets. The pressure 
generated during the effervescent reaction in the vessel was measured 
by a 0-60 psi pressure gauge1 mounted on the pressure vessel. The volume 
of the pressure vessel was -250 ml. Attached to the side of the vessel was 
the sample tablet holder(Figs. 1A and 1B). The tablet holder was cylin- 
drical in design and built perpendicularly into the side of the pressure 
vessel. The end opening to the interior of the vessel consisted of two 
perpendicular crosspieces, which held the sample tablet out of the interior 
of the vessel in the filling position (Fig. lA), but allowed the water in the 
vessel to flow into the sample holder to cover the tablet when placed in 
the vertical test position (Fig.lB). A pressure-tight, clear plastic screw 
cap sealed the system at  the exterior end of the cylindrical sample 
holder. 


The new balance system for the continuous recording of carbon dioxide 
weight loss utilized a double-cantilever beam with a proximity transducer 
to monitor beam deflection. The proximity transducer consisted of a 
probe and a proximitor. The actual transducer consisted of a flat coil of 
wire located in the ceramic tip of the probe. This probe then became a 
gap-to-voltage transducer used to measure distances and change in dis- 
tances to any electrically conductive material. The probe was driven by 
a radio frequency (RF) voltage developed by the proximitor. The output 
signal from the proximitor to a chart recorder was at  a voltage propor- 
tional to the distance between the probe and the conductive surface. 


Basically, the proximitor takes the voltage supplied to it from a power 
supply and converts it to an RF signal. This signal is then applied to the 
probe and the probe coil, which radiates this signal into the surrounding 
area as a magnetic field. If there is no conductive surface to interfere with 
the magnetic field there is no RF signal loss. However, as a conductive 
surface approaches the probe and interferes with the magnetic field, eddy 
currents are generated on the surface of the material, the RF signal is lost, 
and power is consumed. As the surface moves closer to the probe, more 
and more power is absorbed and the RF signal decreases. The proximitor 
measures the RF signal voltages and sends out an output voltage equal 
to the negative RF signal peaks (13). The output voltages can then be 
directly measured on a volumeter or used to drive a chart recorder. 


The new beam/proximitor (b/p) balance system (Fig. 2) consisted of 
a double-cantilever beam specifically designed for a maximum load of 
100 g to be placed on the 5.1-cm sample pan. The proximity transducer 
probe2 was mounted directly below the electrically conductive surface 
needed for the proximity measurement. The proximitor2 itself was housed 


Ashcroft, Dresser Valve and Instrument Division, Dresser Industries, Stratford, 
Conn. 


2 Bently Nevada Co., Minden, Nev. 


Table I-Theoretical and Observed Recorder Span Responses of 
t he  Beam/Proximitor Balance to  Various Weights Applied to a 
99-g Load 


Theoretical Actual Span 
Span Response, Response, 


Weight Applied, g division division 


1.00 90.0 90.0 
0.15 67.5 67.5 
0.50 45.0 45.0 
0.25 22.5 22.5 
0.10 9.0 9.0 
0.05 4.5 4.5 
0.02 1.8 1.75 
0.01 0.9 1.0 


Table  11-Beam/Proximitor Balance Recorder Span Precision 
a n d  ReDroducibilitv 


Average Span 
Number of Response f SD, 


Trial Tests Run division 


1 
2 
3 


30 
35 
31 


90.09 f 0.154 
89.98 f 0.195 
90.00 f 0.144 


a One gram produces a 90-division span response 


with an 18-v power supply. A line filte9 was needed to filter out electrical 
noise, and a voltage divider was needed to reduce the input voltage to the 
recorder to match the 100-mv span on the recordela. The b/p balance was 
housed during tests in a plexiglass hood to reduce the possibilities of air 
currents affecting the balance. 


The double-cantilever beam system of the balance was designed and 
constructed to provide a linear response in beam deflections to various 
load weights. The b/p balance was then designed to measure weight loss 
by monitoring beam deflections with the proximitor and probe. Using 
this design, the b/p balance could monitor up to a 1-g weight loss from 
an initial load of up to 100 g. 


Pressure Vessel Test  Method-With the pressure vessel placed in 
the horizontal filling position (Fig. lA), the cap of the tablet holder was 
removed and 150 ml of deionized, distilled water (20") was quickly 
transferred into the pressure device through the tablet holder. Any water 
adhering to the tablet holder was removed to prevent premature reaction. 
The tablet to be tested was placed in the tablet holder, and the cap was 
replaced and secured. The pressure vessel was then lifted to the vertical 
test position (Fig. lB), causing the water to contact the tablet in the tablet 
holder and produce the effervescent reaction. A t  5-sec intervals, the 
pressure was read from the pressure gauge and recorded. The dissolution 
time of the effervescent tablet, as observed through the transparent cap 
of the tablet holder, was recorded, as well as the pressure that developed 
at  the dissolution time. Finally, the entire device was shaken for a few 
seconds and the final pressure was recorded. 


I I U 


b d  d 
Figure 2-The balance system utilizing a double-cantileuer beam and 
proximity transducer. Key: A, double-cantileuer beam assembly; B, 
sample pan; C,  proximity probe; D,  electrically conductive surface; E, 
power supply; F, electrical line filter; G, voltage divider; and H ,  re- 
corder. 


Model 3321 filter, Krohn-Hite Corp., Cambridge, Mass. 
4 Model SRG, Sargent-Welch Scientific Co., Skokie, 111. 


4 I Journal of Pharmaceutical Sciences 
Vol. 71, No. 1, January 1982 







Table 111-Carbon Dioxide Weight Loss a After 2 Min from Effervescent Tablets 


Commercial Analytical Balance Beam/Proximitor Balance 
Average Average 


Number of Average Tablet Carbon Dioxide, LOSS, % Average Tablet Carbon Dioxide, LOSS, % 
Trial Tablets Weight, g mg (w/w) Weight, g mg (w/w) 


1 
2 
3 


4 
3 
5 


3.5006 
3.4345 
3.4987 


553.3 
560.5 
581.5 


15.81 
16.32 
16.62 


3.5413 
3.4605 
3.4870 


606.4 
574.4 
584.4 


17.12 
16.60 
16.76 


0 As measured by an analytical balance and the beam/proximitor balance. 


Balance Test Method-Polypropylene beakers (100-ml) were used 
as the effervesecent tablet reaction vessels. Because the effervescent 
reaction was violent enough to cause a loss of water as well as carbon 
dioxide from the beaker, a circular beaker cover (7.0 cm in diameter) was 
made from high density polyethylene material. This cover had a rec- 
tangular slot, 2.9 X 0.6 cm, cut in the center through which the efferves- 
cent tablets were dropped into the beaker. 


After prestressing the balance beam with a 100-g load for 30-40 min 
to stabilize the base (0% span) and top lines (90% span) on the recorder, 
-80 ml of deionized, distilled water a t  20” was measured into the reaction 
beaker and the total weight of the beaker, cover, water, and tablet was 
adjusted to 100 g or 90% of full recorder span with 20” water. With the 
recorder on “standby” and the chart speed set a t  12.7 cm/min, the tablet 
was set on its edge a t  the edge of the slot in the cover. After initial beam 
vibration had subsided, the tablet was gently dropped through the slot 
into the beaker. Immediately after the tablet entered the water, the re- 
corder was turned to “record,” and the effervescent reaction was moni- 
tored for at  least 2 min. The tablet dissolution time was determined 
visually and indicated on the recording. 


Calibration of Balance-After prestressing the beam with a 99-g 
load, the b/p balance was calibrated by placing various known loads, 10 
mg-1 g, on the balance. The recorder span was set at 90%. The actual 
recorder response to the various loads was in very close agreement to the 
theoretical response. Only slight deviations occurred a t  even the 20- and 
10-mg loads (Table I). 


The recorder span (90%) reproducibility was measured by repeatedly 
adding and removing a 1-g weight from the b/p balance loaded with 99 
g. Table I1 shows the precision and reproducibility resulting from the 
three trials performed. 


Tests were run to compare reacting effervescent tablet carbon dioxide 
weight loss values obtained with the b/p balance to values obtained with 
a commercial balance. Effervescent tablets5 were reacted in a beaker of 
water, and the weight loss was noted after 2 min of reaction time on a 
commercial analytical balance6 and compared to the weight loss of tablets 
run on the experimental balance. The data in Table 111 show close 
agreement in the total weight loss after 2 min between the b/p balance 
and the commercial analytical balance, which further verified the accu- 
racy of the b/p unit. 


Materials-Several different experimental effervescent tablets were 
made for effervescent reactivity testing with the pressure vessel and b/p 
balance methods. Each tablet system was a 3-g tablet containing a stoi- 
chiometric ratio of acid and base (Table IV). A standard 3-g tablet was 
made of citric acid-sodium bicarbonate (1.3:1.7). All materials were either 
USP, NF, or pharmaceutical grade. 


The materials were first passed through a 30-mesh screen and then 
through an 80-mesh screen, mixed, and compressed on a hydraulic press7 
between 25.4-mm, flat-faced, beveled-edge tooling. The compression force 
generated for each tablet was 897 kg/cm2 and was held for a 5-sec dwell 
time. All operations were conducted a t  23-25” and a relative humidity 
of 530%. 


RESULTS AND DISCUSSION 


The standard tablets were run in the pressure device first. Table V 
shows the pressure and dissolution time results of the 28 standard for- 
mulation tablets run. The standard tablets were then run on the b/p 
balance to measure carbon dioxide loss (Table VI). 


The experimental effervescent tablets were then run in the pressure 
device and on the b/p balance. The resultant carbon dioxide weight loss 
values and gas pressure values were divided by the corresponding values 
obtained from the standard tablets to generate relative pressure values 


Alka-Seltzer tablets, Miles Laboratories, Elkhart, Ind. 
Model H-10 Mettler Instrument Corp., Princeton, N.J. 
Carver laboratory press model C, Fred S. Carver and Co., Summit, N.J. 


and relative weight loss values listed in Table VII. Figure 3 shows the 
relationship between the relative values obtained from the two test 
methods. The calculated correlation coefficient for the graph was 0.937. 


Table IV-Experimental Effervescent Tablets Run  in The 
Pressure Monitoring Device and  the Beam/Proximitor Balance 


Composition 
Composition 


Ratio, g: g 


Citric acid-sodium bicarbonate (standard) 1.3:1.7 
Malic acid-potassium bicarbonate 1.72: 1.28 
Glutaric acid-potassium bicarbonate 1.19: 1.81 


Glutaric acid-sodium bicarbonate 1.32: 1.68 
Malic acid-sodium bicarbonate 1.85: 1.15 
Maleic acid-sodium bicarbonate 1.22: 1.77 


Maleic acid-potassium bicarbonate 1.10: 1.90 


Table  V-Average Pressure Generation and Dissolution Time of 
Sodium Bicarbonate-Citric Acid Run in the Pressure 
Monitoring Device 


Pressure Dissolution 
Developed, psi Time, sec 


Average 26.75 
Variance 0.435 
SD 0.669 
SEM 0.125 


28.89 
5.65 
2.38 
0.45 


Twenty-eight samples were run. 


Table VI-Average Carbon Dioxide Weight Loss of the Standard 
3-g Tablets of Sodium Bicarbonate-Citric Acid Run  on the 
Beam/Proximitor Balance 


Tablet weight 
Number of tablets tested 
Average weight, g 
Variance, g 
SD. B 
S E g ,  g 
Calculated carbon dioxide weight loss (WF)  
Number of tablets tested 
Average loss, g 
Variance, g 
SD, g 
SEM, R 


Amount 


30 
2.9914 
0.0004 
0.0062 
0.0011 


30 
0.5419 
0.0003 
0.0177 
0.0032 


Table  VII-Relative Pressure Values and Carbon Dioxide 
Weight Loss Values of the Experimental  Effervescent Tablets 
R u n  in the Pressure Monitoring Device and t h e  Beam/ 
Proximitor Balance 


Relative 
Relative Weight 


Tablet Composition Values Values 
Pressure (psig) Loss 


Citric acid-sodium bicarbonate (standard) 1.00 1 .oo 
Malic acid-potassium bicarbonate 0.93 0.95 
Glutaric acid-potassium bicarbonate 1.02 0.98 
Maleic acid-potassium bicarbonate 0.98 1.02 
Glutaric acid-sodium bicarbonate 1.01 1.00 
Malic acid-sodium bicarbonate 0.84 0.84 
Maleic acid-sodium bicarbonate 0.86 0.83 


Experimental tablet values for pressure and weight loss were divided by the 
standard tablet values of 26.75-psi pressure and 0.5419-g weight loss to calculate 
the relative values. 
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Figure 3-Relationship between the relative pressure values from the 
pressure monitoring device and the relative weight loss values from the 
beamlproximitor balance (Table IV). 


The correlation was judged to be good considering that the sensitivity 
of the pressure gauge on the pressure device was 2 psi/division and the 
sensitivity of the blp balance was 0.0111 gldivision. 


The milligrams of carbon dioxide lost a t  any time ( t )  during an effer- 
vescent reaction were designated W, and could be calculated from the 
chart recording (Fig. 4) by multiplying the number of divisions corre- 
sponding to the weight loss at time t by 11.1 mg/division. The final weight 
loss measured 2 min after the reaction was started was designated WF. 
Plotting log ( WF - Wt ) versus time produced a graph like the one in Fig. 
5. The graph can be divided into three segments corresponding to the 
three events observed during the effervescent reactions. Period A of Fig. 
5, the distance between the y-axis and the time at  which the graph first 
approaches linearity, represents an induction period or lag time during 
which the tablet is wetted by the water and the effervescent reaction is 
initiated. Period C represents the period after the effervescent reaction 
has ceased and when carbon dioxide is slowly coming out of solution. 
Period B represents the actual time of the effervescent reaction of the 
tablet. In this section of the graph, a straight line can be drawn, the slope 
determined by linear regression, and an observed first-order rate constant 
(k) can be calculated for the reaction. 


t 


I 
Figure 4-Typical chart recording from a beamlproximitor balance 
effervescent tablet run. 


C 


0 
0 


0 
0 


t 
1 


12 24 36 48 60 
SECONDS 


Figure 5-Example plot of beamlproximitor balance data treatment 
using log (WF - WT) versus time relationship. 


In a statistical evaluation of reactivity, a single measurement of both 
the reaction rate and the total carbon dioxide evolved is required since 
differing effervescent systems could conceivably have a fast reaction rate 
and yet produce little carbon dioxide (and vice versa). Therefore, Eq. 1 
can be used to quantitate each effervescent tablet system for both k and 
WF in a single indicator, the index of reactivity ( I R ) :  


IR = kWF (Eq. 1) 


SUMMARY 


While the described pressure monitoring device did not lend itself to 
effervescent reaction characterization or rate determinations, the results 
obtained did correlate with weight loss data obtained from the balance 
device. The pressure monitoring device could be used as an effective, 
quick screening device for experimental effervescent system reactivity 
or as a possible quality control instrument. 
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of hydrochlorothiazide tablets composed of lactose and povidone did not 
change after 1 year a t  room temperature supports this implication. 
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Abstract 0 Octanol-water partition values were calculated using frag- 
mentation values and measured rapidly by high-pressure liquid chro- 
matography (HPLC) on bonded octadecylsilane supports. Log P for in- 
dolizine, a, and fragment ( f )  values for the indolizinyl substituents were 
determined using both methods. Good agreement was obtained for all 
three values. 


Keyphrases Partition coefficient-indolizine and 2-phenylindolizines, 
determination by high-pressure liquid chromatography and fragmen- 
tation values 0 Indolizine-substituted 2-phenylindolizines, partition 
coefficients determined by high-pressure liquid chromatography and 
fragmentation values 0 High-pressure liquid chromatography-deter- 
mination of partition coefficients of indolizine and 2-phenylindolizines 


Fragmentation values-determination of partition coefficients of in- 
dolizine and 2-phenylindolizine 


There is considerable interest in partition coefficient 
determination in the area of rational drug design (1). The 
partition coefficient, log P, represents the distribution of 
a substance between an organic and aqueous phase. Sev- 
eral methods may be used to determine partition coeffi- 
cients including the shake-flask method, liquid-liquid 
chromatography on liquid impregnated plate technique, 
and high-pressure liquid chromatography (HPLC). 


No studies have been done on the log P of indolizines. 


Indolizine (I) is a 107r aromatic heterocyclic compound 
with the nitrogen a t  the bridge head position. It is nearly 
electrically neutral and weakly basic with a pKa value of 
3.94 (2). 


I 
For the normal shake-flask method, octanol and water 


have been used previously as the biological lipid and 
aqueous phases, respectively, in partition determination 
(3). Due to the instability of the indolizine nucleus, mea- 
suring log P values of this compound by this technique has 
proven difficult. The shake-flask procedure (4) is a tedious, 
time-consuming process and subject to purity, stability, 
and mass-balance problems from the compounds being 
measured. 


BACKGROUND 


Liquid chromatography on paper or lipid-impregnated plates has been 
used as an alternative to octanol-water partition. Martin ( 5 )  derived Eq. 
1 for thin-layer or paper chromatography (TLC): 
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Table I-Estimated Log PValues on HPLC Using Octanol- 
Saturated Water as Mobile Phase 


Log P 
ComDounds Log k' Lkerature" HPLC 


Anisole 0.518 2.08 2.08 
p-Chloroacetophenone 0.711 2.35 2.29 
p-Bromoacetophenone 0.884 2.43 2.48 
Toluene 1.09 2.71 2.71 
C hlorobenzene 1.24 2.84 2.87 
Benzophenone 1.49 3.18 3.15 
Indolizine (I) 0.894 - 2.49 f 0.02' 


O Reference 18. * Equation 3. Standard error of the estimate from Eq. 3. 


log P = log K + R ,  (Eq. 1) 


where K is a constant for the system, R,  = log [(l/Rf) - I] where R, has 
the usual meaning. 


Reversed-phase HPLC has been used to  measure the lipophilicity of 
several compounds. In HPLC, the capacity factor k' replaces R, and is 
defined as: 


where: 


t r  = retention time of the compound 
to = retention time of the solvent 
V ,  = retention volume of the compound 
VO = retention volume of the solvent or dead volume 
d, = distance between the peak of the compound and peak of the sol- 


do = distance between t,he point of injection and the peak of the solvent 


Haggerty and Murrill (6) measured log P values for a family of nitro- 
soureas using a column packed with octadecylsilane bonded to silica' and 
eluted with 3010 acetonitrile in pH 7.41 buffer solution. Another study 
(7) obtained good correlation between log k' and log P of some substituted 
phenol and aniline derivatives using bonded' columns with various 
mixtures of distilled water and acetone as the eluent. Exhaustive silyla- 
tion of octadecylsilane reversed-phase columns were reported to give a 
better correlation between)' and log P than the untreated packing ma- 
terial (8). The rationale is that exhaustive silylation eliminates adsorption 
phenomena due to free SiOH sites. 


The lipophilicities of 1,4-benzodiazepine derivatives were determined 
using oleyl alcohol supported on a porous silica3 as an HPLC procedure 
and the results were compared with reversed-phase TLC techniques (9). 
Similar work was done (10) using 1-octanol supported on diatomaceous 
earth4 with octanol-saturated water as the eluent. 


Various HPLC techniques were compared (11) using three different 
columns: one reversed-phase', one unmodified absorption system5, and 
one nonbonded porous silica6 coated with I-octanol or  squalene. Several 
good correlations between log k' and log of biological activity were re- 
ported. Investigators using these techniques were warned to be careful 
in interpreting these correlations. Unger et al. (12) had near perfect 
agreement between shake-flask and reversed-phase HPLC procedures 
over a log P range of 3.5 units, using octanol-saturated p H  7.00 (0.01 M )  
phosphate buffer as the mobile phase, and silylated octadecyl-bonded 
silica' as the stationary phase. 


The  latter HPLC procedure (12) was used in the present study to de- 
termine the log P of unstable indolizine. Then, a modified HPLC method 
was developed to measure partition coefficients of 3.5 to  5.0. Using this 
method, the x and fragment values for the indolizinyl substituent were 
also determined. 


vent front 


front. 


EXPERIMENTAL 


Solvents were analytical reagent quality, and the 1-octanol for chro- 
matographic purposes was purified according to reported procedures (13). 
Standards were obtained from commercial sources. Indolizine and 2- 


' Corasil C18, Waters Associates, Milford, Mass 
Porasil 9, Waters Associates, Milford, Mass. 
Porasil C, Waters Associates, Milford, Mass. 


* Hyflosupercel, Johns-Manville. ' C o r d  11, Waters Associates, Milford, Mass. 
Porasil A,  Waters Associates, Milford, Mass. 


2.720. 


a 


2.240 / 1 
/ 


2.000 f : ; : : : : : ; : :  
0.500 0.667 0.833 1.000 1.167 1.333 1.500 


LOG k' 
Figure  1-Literature log P values versus log k' determined by octa- 
nol-coated octadecylsilyl-bonded support with octanol-saturated water 
as mobile phase. Key: (- - -) the 95% confidence limits of the predicted 
line; (0) standards are from Table I .  


phenylindolizines were synthesized by the Boekelheide (14) met,hod and 
uia the Chichibabin-Stepanow (15, 16) route, respectively. 


Samples were dissolved in water-saturated octanol and/or a minimal 
amount of methanol. Sodium nitrate in octanol-saturated water was used 
as a suitable nonretained compound to define dead volume, VO. Sample 
concentrations were adjusted so that the relative peak areas remained 
approximately constant. 


The high-pressure liquid chromatograph7 consisted of a pump8 and 
injectorg. A UV-visible spectrophotometer'" wit.h low dead volume flow 
cells was used as detector. Standards and indolizines were analyzed at  
260 nm. Peaks were measured on a 25-cm dual pen recorder". The  col- 
umn packing of silica particles (37-50 pm) with an octadecylsilane- 
bonded coating' was persilated by McCall's method (8). Stainless steel 
columns (2-mm i.d.) in lengths of 5,10,30, and 60 cm were packed using 
published "tap-fill" procedures (17), and t,hen mounted onto the liquid 
chromatograph. 


Two methods were used to determine log P. One system followed 
Unger's procedure (12). The second procedure was patterned after re- 
ported met,hods (68) using persilated octadecylsilane columns' with 40% 
(v/v) acetonitrile in water as the mobile phase to determine large log P 
values (range 3.5 to 5.0) of standards and 2-phenylindolizines. Samples 
were dissolved in acetonitrile and/or a minimal amount of methanol. For  
both procedures, all solutions containing solute were first filtered" to 
reduce contamination or column clogging. All experiments were per- 
formed a t  ambient temperature (25O). 


Log P values for unknowns obtained from HPLC data were determined 
by calculation using regression analysis derived from literature log P 
values (18) uersus their log k' obtained experimentally. Daily standards 
were run with excellent reproducibility. Statistical analyses were per- 
formed using a statistical packageI3. 


RESULTS AND DISCUSSION 


Log P Determination of Indolizine by HPLC-Due to the insta- 
bility of indolizine, its log P value was estimated using HPLC techniques. 
Compounds possessing physical properties similar to those of' indolizine 
were selected. These reference compounds (the first six compounds in 
Table I )  were electrically neutral and had partition coefficients close to 
the estimated value for indolizine (log P 2.45 calculated by the fragment 
method). These compounds were chromatographed on a silylated col- 
umnl coated with octanol. The mobile phase was octanol-saturated water 


Model ALC/CPC 201 Liquid Chromatograph. Waters Assnc.ia(es. Milford. 


Model M6000A, Waters Associates, Millord. Mass. 
Model lJ-6K, Waters Assnciat.es, Milford, Mass. 


Mass. 


lo Varian Model 635. 
I '  Soltec. '' Fritted Disc, 10-15~, Pyrex. 
l R  Oregon State University Statistical Interaction Prohramming System 


(SIPS). 
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Table 11-Estimated Log P Values on HPLC Using 40% (v/v) 
Acetonitrile in Water 


Table 111-Estimated Log P on HPLC of 2-Phenylindolizines 


- 


/ 
/ 


/ 
/ 


/ 
/ 


/ 


Log P 
Compound Log k' LiteratureD HPLCb 


o-Dibromohenzene 0.580 3.64 3.60 
m-Dihromohenzene 0.732 3.75 3.93 
Dihenzofuran 0.748 4.12 3.96 
Fluorene 0.857 4.18 4.21 
Diphen ylacetylene 1.10 4.78 4.76 


Reference 18. b Equation 4. 


using a 10-cm column. A linear relationship between log P values and 
their log k' values (Fig. 1) is given by: 


log P = 1.516 (4 0.059) + 1.094 (& 0.057) log k' (Eq. 3) 


n = 6, s = 0.0453, r 2  = 0.9893, F1.4 = 370 


The values in parentheses are the standard errors, n is the number of 
compounds, s is the standard error of the corrleation, r 2  is the coefficient 
of determination, and F is the overall significance parameter with the 
indicated degrees of freedom. 


Unger et al. (12) showed that nitrogenous compounds capable of hy- 
drogen bonding with nonsilated silanol sites deviated from the calculated 
regression line. Pyridine and certain substituted pyridines deviated the 
most. Quinoline did not deviate as much. Acridine, 2,6-lutidine, and 
N,N-dimethylaniline fit the regression model. I t  appears that as the pKa 
of an amine decreases and steric hindrance about the nitrogen increases 
the ability to adsorb onto an open silanol site decreases. Indolizine has 
a reported pKa of 3.94 (2), far lower than that for pyridine (5.19) or 
quinoline (4.90). Furthermore, protonation of indolizine occurs on car- 
bons 1 and 3, not on the nitrogen atom (19). The ring nitrogen is sterically 
hindered. Finally, in some unreported earlier work14 the use of shift re- 
agents was investigated in an attempt to simplify the proton NMR 
spectrum of indolizines. No noticeable change in the chemical shifts of 
any of the protons was obtained, which is strong evidence of a very weakly 
basic and/or sterically hindered nitrogen (20). For these reasons, reference 
compounds containing nitrogen capable of hydrogen bonding to silanol 
sites on the HPLC column were omitted. 


The log k' value for indolizine (0.894) was measured under the same 
conditions used for the standards (Table I) and a logP value of 2.49 was 
calculated using Eq. 3. 


Determination of a Value of the Indolizinyl Moiety by 
HPLC-Because the 2-phenylindolizines are more stable than indolizine 
their log P determinations using the traditional shake-flask procedure 
(4) were attempted without success. These compounds degrade in solu- 


4.000f / , , , , 


Compound X Y Log k'" Log P HPLCb 


IIa H H 0.892 4.29 (f0.07) 
IIb OCH3 H 0.851 4.20 (f0.07) 


H OCH? 0.826 4.14 (f0.06) IIC 
1.19 4.96 (f0.16) IId CH3 H 


IIe H CH:, 1.15 4.87 (f0.14) 
CI H 
H CI 1.27 5.14 (f0.18) 


I l f  
1 Ig 
IIh Br H 1.40 5.43 (f0.23) 
IIi H Br 1.35 5.31 (f0.21) 


a Values measured on a persilated column' (10 cm) using 40% (v/v) acetonitrile 
as the eluant. Equation 4; numbers within the parentheses are the standard error 
of the estimate. 


tion with changes detectable in the UV spectrum within 1 hr. Undoubt- 
edly agitation in the octanol-water system hastened this degradation. 
Thus, an HPLC procedure was devised. 


The octanol-water HPLC system is limited to compounds having a 
log P of 3.15 which is the log P of octanol itself (18). Any compound with 
a greater log P would, in theory, remain on the HPLC column indefinitely. 
Using either the H or fragment approach of calculating log P values, the 
log P values for the 2-phenyl substituted indolizines were estimated to 
be in the range of 4-5. 


Selected standards (Table 11) with known log P values (18) in this range 
were chromatographed using several different solvent systems. These 
consisted of a reversed-phase persilated column' with different column 
lengths and different concentrations of acetonitrile in water as the mobile 
phase. Columns' varied in length from 5 to 10 cm and the solvent system 
consisted of acetonitrile concentrations in the range of 35-5070. Good 
linear relationships (Fig. 2) were found in a system using 40% acetonitrile 
in a 10-cm column'. The results are displayed in Table I1 and represented 
by: 


log P = 2.300 (zk 0.2967) + 2.234 (k 0.360) log k' (Eq. 4) 


n = 5, s = 0.1416, r 2  = 0.9251, F1.3 = 37.0 


A variety of 2-phenylindolizine analogs with widely different lipo- 
philicities were prepared (Table 111). These compounds have different 
suhstituents in the para and meta positions on the 2-phenyl groups. 
These substituted 2-phenylindolizines were chromatographed under 
conditions identical to those in Table 11. Their log k' values were used 
to calculate their log P values using Eq. 4 (Table 111). 
r Value Correlation from HPLC Data-An investigation was 


conducted to determine whether the retention times of substituted 2- 
phenylindolizines using a persilated column' were proportional to their 
Hansch a constants (17). The previously described mobile phase of 40% 
acetonitrile in water using a 10-cm column was used. An excellent linear 
relationship was found between the log P values of the 2-phenyl suh- 
stituents and log k'. The results are represented by: 


1.30 5.20 (40.19) 


Log Psuhstituent = 0.696 (k 0.027) + 1.674 (f0.072) log k' (Eq. 5) 


n = 9 , s  = 0.0452, r 2  = 0.9874, F1.7 = 548.2 


There is no complete set of ?r values for substituted phenyl compounds. 
That is, there are a values for CH3, CH30, CI, Br, and C ~ H S ,  but not tolyl, 
anisyl, etc. Since K H  is defined as zero, the log P values of the intact 
molecule (toluene, anisole, etc. ) were used as an estimate of 7r to obtain 
Eq. 5. 


The aindolizinyl values were calculated by subtracting the log P of the 
complete molecule, which represents the suhstituent (21) from the log 
P of the Substituted indolizine (Table IV): 


Hindolizinyl = log Psubstituted indolizine - 1% Psuhstituent (Eq. 6) 


The calculated Hind,,lizinyl values vary from 2.03 and 2.44 with a mean 
of 2.41, a standard error of f0.045, and a coefficient of variation of 
6.0%. 


Examination of the Hindolizinyl results in Table IV shows that they can 
he placed into two groups. Compounds IIa-IIe compose one group with 
a mean of 2.14 and IIf-IIi have a mean of 2.36. The latter group contains 
the halogens. Hansch and LeoI5 have found that halogen adds about 0.2 
units to a and fragment values. Correcting for the halogen effect, the 
mean Hindolizinyl value becomes 2.15 (f0.024) with a coefficient of variation 
of 3.4%. 


l 4  J .  H.  Block, unpublished. 1s A. Leo and C. Hansch, personal communications. 
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Table IV-Tindo]iziny] and  findo]iziny] Values Using HPLC, 2- 
Phenyl Substi tuent a 


Compound Log Psubstituent Tindolizinyl‘ fsubstituentd findolizinyle 


I I Q  2.13 2.16 
IIb 2.11 2.09 
IIC 2.11 2.03 


1.90 2.39 
1.88 2.32 
1.88 2.26 


IId 2.69 2.26 2.46 2.49 
TIP 2.69 2.17 2.46 2.39 _.. - _ -  _ _  


2.84 2.36 (2.16) 2.61 2.59 (2.39) 
2.84 2.30 (2.10) 2.61 2.53 (2.33) 
2.99 2.44 (2.24) 2.76 2.67 (2.47) 


I I f  


IIi 2.99 2.32 (2.12) 2.76 2.55 (2.35) 


a See Table I1 for log k‘ and log P results obtained by chromatography. * Ref- 
erence 18. c E uation 6; values within the parentheses are corrected for the presence 
of a halogen. Referenre 21; obtained by subtracting f~ (0.23) from log P of the 
8-phenyl substituent. Equation 8; values within the parentheses are corrected 
for the presence of a halogen. 


Log P of Indolizine Calculated by the Fragment  Method-The 
log P of the indolizine nucleus can be also calculated by the fragment 
method using values from model systems (18). 


For example, for the fused aromatic ring model, the aromatic carbon 
( f C H )  has a value of 0.35 and the bridgehead carbon next to a heteroatom 
(f ;)  is 0.44. For the nitrogen, several values can be used depending on the 
specific location of the atom in the molecule. According to a previous 
report (21), the fragment constant for the nitrogen in a ring system such 
as indole or pyrrole (-0.67) lies between the values of the nitrogen at- 
tached to one aromatic ring (-1.03), and two aromatic rings (-0.03). The 
fragment value for N-phenyl pyrrole is -0.56. Indolizine (I) is a special 
case because the nitrogen is located a t  the bridgehead position of the 
molecule. The nitrogen in this system is more lipophilic than the usual 
heterocyclic nitrogen because the unshared electrons on the nitrogen 
resonate among all the atoms of the ring (22). The low pKa (3.94) and the 
fact that protonation occurs on carbons 1 and 3 is further evidence of the 
special nature of this nitrogen. For this reason, a fragment value of -0.44 
was used as an approximation of the nitrogen constant for indolizinels. 
This value represents a nitrogen in an aromatic system attached to two 
aromatic rings. The addition of all these fragment values is illustrated 
below: 


I 
4 


= 7 (0.35) + (0.44) + (-0.44) 


= 2.45 
In a similar manner, the fragment substituents of 2-phenylindolizines 


were calculated by the fragment method (20) and listed in Table IV. In- 
dolizinyl fragment values were calculated by subtracting fragment sub- 
stituent values from log P values: 


frndoltzinyl = log p - fsubstituent (Eq. 8 )  


The average indolizinyl fragment value is 2.47 with a sample standard 
error of f0.044. The fragment values vary from 2.26 to 2.6‘7 with a coef- 
ficient of variation of 5.4%. 


As was done with the K determination, the fragment results in Table 
IV can be divided into two groups with the methyl and methoxy substi- 
tuted compounds Ila-IIe in the first group and the halogen substituted 
compounds IIf-IIi in the second. The average fragment value for the 
nonhalogenated indolizines is 2.37 and for the halogenated indolizines 
is 2.59. Applying a correction of 0.2 for the halogenated compounds, the 
average decreases to 2.39. The average /,ndol,z,nyl for all 11 compounds then 
becomes 2.38(f0.024) with a coefficient of variation of 3.0%. 


Both the fragment and T approach to calculating log P values assumes 
that partial partition coefficients are additive. They also assume that each 
substituent behaves independently in terms of any effect on lipophilicity; 
this is not true. To correct for interactions, the fragment approach uses 
correction terms or different fragment substituent values dependent on 


the type of parent molecule containing the substituent. Nevertheless, 
neither method differentiates between a meta and para substituent in 
terms of resonance versus inductive effects on lipophilicity. Furthermore, 
both approaches ignore any resonance or inductive effect that  the in- 
dolizine ring might have on the phenyl ring. 


In both the fragment and K approaches, the individual suhstituent 
values are derived from known compounds whose partition coefficients 
were obtained by the classical shake-flask procedures. There have been 
no reported studies on the partitioning behavior of indolizine. I t  is dif- 
ficult to extrapolate this heteroaromatic to other heteroaromatic systems 
for the reasons already stated. Nevertheless, the results obtained for 
indolizine by the different methods described in this paper show good 
consistency and can he considered a measure of lipophilicity for future 
quantitative structure-activity relationship (QSAR) studies involving 
indolizine. 
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